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Abstract
Host genetic variants influence the susceptibility and severity of several infectious diseases, and the discovery of genetic associations

with coronavirus disease 2019 (COVID-19) phenotypes could help to develop new therapeutic strategies to decrease its burden.

Between May 2020 and June 2021, we used COVID-19 data released periodically by UK Biobank and performed 65 genome-wide asso-

ciation studies in up to 18 releases of COVID-19 susceptibility (n ¼ 18,481 cases in June 2021), hospitalization (n ¼ 3,260), severe out-

comes (n ¼ 1,244), and deaths (n ¼ 1,104), stratified by sex and ancestry.

In coherence with previous studies, we observed two independent signals at the chr3p21.31 locus (rs73062389-A, odds ratio [OR], 1.21

(P¼ 4.263 10�15) and rs71325088-C, OR, 1.62 [P¼ 2.253 10�9]) modulating susceptibility and severity, respectively, and a signal influ-

encing susceptibility at the ABO locus (rs9411378-A; OR, 1.10; P ¼ 3.30 3 10�12), suggesting an increased risk of infection in non-O

blood groups carriers. Additional signals at the APOE (associated with severity and death) LRMDA (susceptibility in non-European)

and chr2q32.3 (susceptibility in women) loci were also identified, but did not replicate in independent datasets. We then devised an

approach to extract variants suggestively associated (P < 10�5), exhibiting an increase in significance over time. When applied to the

susceptibility, hospitalization and severity analyses, this approach revealed the known RPL24,DPP9, andMAPT loci, respectively, among

hundreds of other signals.

These results, freely available on the GRASP portal, provide insights on the genetic mechanisms involved in COVID-19 phenotypes.
Introduction

The severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) is responsible for the coronavirus disease

2019 (COVID-19), which affects individuals with variable

severity, ranging from asymptomatic patients to mild res-

piratory symptoms, hypercytokinemia, pneumonia,

thrombosis, and even death.1,2 Understanding the mecha-

nisms leading to heterogeneous symptoms and susceptibil-

ity is essential to develop efficient treatments and improve

patient care. Host genetic diversity has been shown to in-

fluence the effects of infection to several viruses,3 such as

variations in CCR5 (MIM: 601373) leading to HIV resis-

tance4 (MIM: 609423) or IRF7 (MIM: 605047) deficiency

affecting influenza susceptibility (MIM: 614680).5

To discover human genetic determinants to COVID-19

susceptibility and severity, several biobanks and research

groups worldwide collaborated to perform genome-wide

association studies (GWAS) and meta-analyses of the

GWAS. In June 2020, a study involving 1980 COVID-19-

infected patients with respiratory failure was the first to

reveal genome-wide significant (P < 53 10�8) associations

at the 3p21.31 locus, encompassing SLC6A20 (MIM:

605616) and several chemokine receptors, and at the

ABO (MIM: 110300) locus on chromosome 9.6 These two

signals were later validated in independent analyses for

both COVID-19 susceptibility and severity,7,8 while addi-

tional significant associations were observed at loci

involved in immune response or inflammation, such as
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IFNAR2 (MIM: 602376), DPP9 (MIM: 608258), TYK2

(MIM: 176941), CCHCR1 (MIM: 605310), and OAS1

(MIM: 164350). Notably, these findings implicate common

and uncommon variants, while studies trying to identify

associations of rare variants have been unsuccessful

so far.9 The largest effort is currently led by the COVID-

19 host genetics initiative (COVID-19hgi),10 which

completed meta-analyses of results shared by 61 studies

as of June 15, 2021, identified 23 loci associated with

COVID-19 phenotypes so far, and plan to release new re-

sults as additional data is made available. A major contrib-

utor to this group is the UK Biobank (UKB),11 which peri-

odically releases the results of COVID-19 tests and related

deaths, as well as health care data for its nearly 500,000

consented participants, to approved researchers.

We created a public COVID-19 GWAS results portal

(https://grasp.nhlbi.nih.gov/Covid19GWASResults.aspx)

to provide rapid deep annotation for emerging genetics re-

sults and facilitate open access to the scientific community.

We contribute to this resource by performing GWAS on

each COVID-19 data release from the UKB, including

sex-specific, ancestry-specific, and trans-ethnic COVID-

19-related GWAS, along with a deep set of annotations

for top variants (with P < 1 3 10�5). For each release, up

to 65 GWAS have been generated, including COVID-19

susceptibility, COVID-19 hospitalization, severe COVID-

19 with respiratory failure, and COVID-19 death. Here

we describe the results of these GWAS, 612 in total as of

June 18, 2021, and report the evolution of signals
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associated with these COVID-19 phenotypes over the

consecutive datasets released by UKB since May 2020.
Materials and methods

UKB data
Analyses are based on v.3 of the UKB imputed dataset,12 which

provide genomic data for 487,320 participants from multiple eth-

nicities, including 459,250 of European ancestry (EUR), 7644 of

African ancestry (AFR), 9417 of South Asian ancestry (SAS), and

11,009 of other ancestries (OTHERS). Participants were enrolled

at ages ranging from 37 to 73 and are 51.16% female. This project

was approved after an application to the UK Biobank, and granted

IRB approval by the North West Haydock Research Ethics Com-

mittee (16/NW/0274). The UKB started to release COVID-19 test

results of its participants on March 15, 2020, and periodically up-

date this resource as new cases are reported. Furthermore, informa-

tion about COVID-19-related deaths wasmade available from June

2020, while inpatient data and primary care data were first added

during the summer of 2020 and are periodically updated. Details

regarding the definition and selection of cases with COVID-19 sus-

ceptibility, COVID-19 hospitalization, COVID-19 severity, and

COVID-19 death are available in Table S1.

Depending on the COVID-19 phenotype analyzed (susceptibil-

ity, hospitalization, severity, or death), up to three different sub-

sets of participants were used as controls. For COVID-19 suscepti-

bility, cases with positive test results were analyzed against either

participants tested with negative results (labeled tested), or against

all participants without a positive test (labeled population). For an-

alyses of COVID-19 hospitalization, patients hospitalized due to

COVID-19 were tested against non-hospitalized participants

with a positive test (positive), or non-hospitalized participants

with a test (tested), or against all non-hospitalized partici-

pants (population). For analyses of COVID-19 severity, patients

requiring invasive respiratory support or patients who died from

complications were tested against non-severe participants with a

positive test (positive), or non-severe participants with a test

(tested) or all non-severe participants (population). For analyses

of COVID-19 death, patients with COVID-19 death were tested

against participants with a positive test (positive), or participants

with a test (tested) or against all participants (population).

Analyses
Each GWAS was conducted with SAIGE v0.38,13 which controls for

population stratification, relatedness and case-control imbalance,

and adjusted for baseline age (at enrollment), sex, and 10 genetic

principal components. For the results uploaded to theGRASPportal,

variants were filtered on imputation quality (r2 > 0.3), minor allele

count (minor allele count of >2), and minor allele frequency (MAF

of >0.0001). However, for the results presented in this manuscript,

we applied amore stringent filter, and consideredonlywell-imputed

variants (r2 > 0.8) and common variants (MAF >of 0.01). After

applying this filter, the lambda (genomic control factor) ranged

from0.988 to1.027 inall 65analysesof the last data release analyzed

(Table S2), indicating no systematic inflation. Quantile-quantile

plots of the four trans-ancestry GWAS including population as con-

trols for COVID �19 susceptibility, hospitalization, severity, and

death are available as Figure S1. For analyses before the June 18,

2020 release, we conducted analyses on participants of EUR only,

and started adding new analyses stratified by sex and ancestry

from June 18, 2020, onward. GWAS were stratified for EUR, AFR,
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SAS, and OTHERS ancestries, and an additional trans-ancestry

GWAS combining all participants (labeled ALL) as well as GWAS

combining non-European (nEUR) participants were performed.

Associations are either reported as odds ratios (OR) and 95%

confidence intervals or as beta coefficients (b) and associated stan-

dard errors. Linkage disequilibrium (LD) was estimated by squared

correlation (r2) using UKB EUR imputed data. Given the large

number of variants thatmay be significantly (or suggestively) asso-

ciated at a locus, we assigned significantly (or suggestively) associ-

ated variants to a common locus if they were separated by less

than 1 Mb, and only reported the lead variant at that locus.

To test whether two observed effects are equal, we used the Z sta-

tistic: Z ¼ b1�b2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SEb21þSEb22

p , with b1 and b2 corresponding with the

observed effects and SEb1 and SEb2 the associated standard errors.

In addition, haplotype analyses were performed with the LDlink

LDhap tool,14 while regional association plots were generated

with locuszoom.15

Significant associations (P < 53 10�8) were further investigated

to control for underlying health conditions. To reflect the cardio-

vascular health of the participants, the following traits were used

as covariates: body mass index, type 2 diabetes (International Clas-

sification of Diseases, 10th edition [ICD-10] code E11) and ischemic

heart disease (ICD-10 code I25). Results were then compared

before and after adjustment using logistic regression with likeli-

hood ratio test. In addition, significant associations were also

controlled for Alzheimer’s disease (ICD-10 code G30) and asthma

(ICD-10 code J45).

Annotation
For each analysis hosted on the portal, we provide comprehensive

annotation for top results (P < 1 3 10�5) using ANNOVAR16 and

the RESTful API service provided by CADD v1.6.17 We also retrieve

known phenotype associations extracted from the GRASP18 and

EBI GWAS catalogs,19 and known eQTLs extracted from GTeX

v820 and other eQTL resources compiled from nearly 150 datasets

(built upon the work of Zhang et al,21 detailed in Table S3).

Suggestive associations
All 65 analyses were updated as soon as new data was released from

UKB. As a result, we obtained results for these analyses at different

time points, which differed by the addition of new cases, thus

increasing power in most recent analyses. With an increase in po-

wer,bonafide signals associatedwithCOVID-19phenotypes should

increase in significance in each consecutive data release analyzed.

We designed a workflow to extract these signals with a positive sig-

nificance trajectory in each analysis: for each variant (i) in themost

recent data release analyzed, P< 10�5; (ii) P cannot decrease in sig-

nificance by more than one order of magnitude between two

consecutive releases; (iii) P must have increased in significance by

more than one order of magnitude at least once between two

consecutive releases. In addition, we made sure that the direction

of effect did not change over time for each variant selected. This

set of rules should ensure to extract variantswhich increased in sig-

nificance since we started performing these analyses, while allow-

ing some stagnation, which might happen owing to random sam-

pling and/or low case increase between two consecutive releases.

The COVID-19hgi datasets
For replication purposes, we used the publicly available COVID-

19hgi meta-analyses summary statistics (freeze 6) for COVID-19

susceptibility (labeled C2; n ¼ 112,612 cases), hospitalization
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(B2; n¼ 24,274), and severity (A2; n¼ 8,779 cases). These datasets

are currently the largest analyses of COVID-19 phenotypes avail-

able. Publicly available summary statistics do not include the

23andMe dataset, and a version of the summary statistics without

UKB was also made available for the B2 and C2 analyses. As there

was no overlap of samples with our analyses, we used these sum-

mary statistics to replicate our findings from susceptibility and

hospitalization analyses, as well as our suggestive findings. To

replicate findings from our severe analyses, we used the A2 sum-

mary statistics without UKB from the freeze 5 (the A2 results

without UKB from freeze 6 were not available).
Data availability
Permission was obtained to post UKB summary statistics under an

approved application (ID 28525). The association results are avail-

able on the portal, as well as annotated top results. In addition to

UKB summary statistics, results from other efforts are also hosted

on the portal. Authors of COVID-19 GWAS publications have

been contacted to seek approval before hosting the results of their

analyses on the GRASP COVID-19 portal. Summary statistics at

this time include multiple releases of the COVID-19hgi group, se-

vere hospitalization results from Ellinghaus et al.,6 and the

GenOMICC study,7 as well as hospitalization status and time to

end COVID-19 symptoms from the COLCORONA study,22 with

all top results being re-annotated in the common framework

mentioned above.
Results

UKB COVID-19 demographics

Using the latest UKB data releases available at this point,

with susceptibility and hospitalization phenotypes

analyzed on June 18, 2021, and severe COVID-19 and

death analyzed onMay 9, 2021, we retrieved 86,435 partic-

ipants with a COVID-19 diagnostic, of which 18,481 tested

positive. According to inpatient care data, 3260 positive

cases were hospitalized, while 1244 patients with severe

COVID-19 diagnostic received respiratory support and/or

died from complications (Table 1). Since May 7, 2020, we

analyzed up to 18 UKB data releases regarding COVID-19

susceptibility, 8 data releases concerning COVID-19 related

deaths, 6 for COVID-19 hospitalization, and 5 for COVID-

19 severity.

Among COVID-19-positive participants, we observed a

global increase in the percentage of female cases, starting

at 45.3% at the first release analyzed, and reaching 52.8%

in the last, while men were more likely to be infected

(OR, 1.07; P ¼ 8.06 3 10�6), hospitalized (OR, 1.66; P ¼
1.59 3 10�45), or develop severe complications (OR, 2.07;

P ¼ 1.51 3 10�34) and die from COVID-19 (OR, 1.98; P ¼
2.12 3 10�27) (Table S4). There was also a decrease in the

mean age of positive cases, ranging from 57.02 to 53.57

years, with a significant decrease after the 2020 summer

(Table 2), with younger individuals more likely to be in-

fected (b ¼ �0.04; P < 10�300) ; while increase in age was

associated with hospitalization (b ¼ 0.05; P ¼ 4.54 3

10�90), severity (b ¼ 0.10; P ¼ 5.63 3 10�108), and death

(b ¼ 0.12; P ¼ 1.11 < 10�122) (Table S4).
Hum
Positive cases weremainly of EUR, representing 85.5% of

all COVID-19-positive participants in the first analysis and

growing to 89.6% in the last. SAS, AFR, and OTHERS repre-

sent 4.4%, 3%, and 3% of positive cases, respectively, in

this UKB data release. However, compared with European

participants, nEUR participants were enriched among

cases (OR, 1.72 [P ¼ 3.09 3 10�33] for AFR; OR, 2.16 [P ¼
1.10 3 10�91] for SAS; and OR, 1.23 [P ¼ 1.96 3 10�6] for

OTHERS), as well as hospitalized (OR, 3.84 [P ¼ 2.05 3

10�53] for AFR; OR, 2.51 [P ¼ 1.89 3 10�24] for SAS; OR,

1.80 [P ¼ 6.69 3 10�9] for OTHERS), severe cases (OR,

3.76 [P ¼ 1.02 3 10�17] for AFR; OR, 2.63 [P ¼ 5.93 3

10�11] for SAS; and OR, 1.67 [P ¼ 0.004] for OTHERS),

and deceased participants (OR, 3.66 [P ¼ 2.17 3 10�14]

for AFR; OR, 2.55 [P ¼ 6.14 3 10�9] for SAS; and OR,

1.65 [P ¼ 0.009] for OTHERS) (Table S4). In addition,

while controlling genetic associations for bias induced by

underlying health conditions, we noticed that type 2 dia-

betes, ischemic heart disease, Alzheimer’s disease, and

asthma were all associated with an increased risk of

COVID-19 phenotypes, with ORs ranging from 1.32 for

asthma associated with COVID-19 susceptibility to 4.82

for Alzheimer’s disease associated with COVID-19 death

(Table S5).

Genome-wide significant results

The workflow of genetic analyses is presented in Figure 1.

Between May 2020 and June 2021, we observed several

genome-wide significant (P < 5 3 10�8) signals across the

65 analyses. However, many signals were only punctually

significant, and only a handful of signals remained signif-

icant in subsequent data releases analyzed. For instance,

the analysis of COVID-19 susceptibility in participants of

EUR, with untested or negatively tested participants as

controls (noted population controls), revealed eight sig-

nals reaching genome-wide significance at some point

(Figure 2A), of which only two remained significant in

the last data release analyzed (on 06.18.21): the

chr3p21.31 locus encompassing SLC6A20 and several che-

mokine receptors (rs73062389-A; MAF ¼ 0.06; OR, 1.22

[1.16; 1.28]; P ¼ 7.60 3 10�16) and the ABO locus on chro-

mosome 9 (rs9411378-A; MAF ¼ 0.22; OR, 1.10 [1.07;

1.14]; P ¼ 8.783 10�12). These two loci were previously re-

ported to modulate COVID-19 susceptibility in several

studies.6–8,10

Across all 65 analyses, 5 loci reached genome-wide sig-

nificance in the last data releases analyzed (on June 18,

2021, for susceptibility and hospitalization, and May 9,

2021, for severity and death): the chr3p21.31 locus, ABO,

APOE (MIM: 107741), LRMDA (MIM: 614537), and an in-

tergenic signal at the chr2q32.3 locus (Table 3). All associ-

ations with a P value of less than 10�5, from all 65 analyses,

are available in Table S6. In addition, all signals reaching

genome-wide significance in any data release analyzed

are presented in Figures S2–S47. The signals reported in

the following correspond with results using population

controls, except when specified otherwise. Overall, the
an Genetics and Genomics Advances 3, 100095, April 14, 2022 3



Table 1. Sample sizes for each analysis, as of 06.18.21

Phenotype Controls Ancestry Sex-stratified Cases Controls Female cases Female controls

Susceptibility (06.18.21 release) Test negative OR not tested
(population)

ALL yes 18,481 468,839 9,757 254,472

EUR yes 16,551 442,699 8,767 240,532

AFR 557 7,087 316 4,043

SAS 810 8,607 351 3,980

OTHERS 563 10,446 323 5,917

nEUR 1,930 26,140 990 13,940

Test negative (tested) ALL yes 18,481 86,435 9,757 46,737

EUR yes 16,551 81,826 8,767 44,248

AFR 557 1,281 316 759

SAS 810 1,516 351 695

OTHERS 563 1,812 323 1,035

nEUR 1,930 4,609 990 2,489

Hospitalization (06.18.21 release) Not hospitalized (population) ALL yes 3,260 484,060 1,343 262,886

EUR yes 2,884 456,366 1,181 248,118

nEUR 376 27,694 162 14,768

Tested, not hospitalized (tested) ALL yes 3,260 101,656 1,343 55,151

EUR yes 2,884 95,493 1,181 51,834

nEUR 376 6,163 162 3,317

Test positive, not hospitalized
(positive)

ALL yes 3,260 15,221 1,343 8,414

EUR yes 2,884 13,667 1,181 7,586

nEUR 376 1,554 162 828

Severe COVID-19 (05.09.21 release) Not severe (population) ALL yes 1,244 486,076 439 263,790

EUR yes 1,120 458,130 387 248,912

Tested, not severe (tested) ALL yes 1,244 84,742 439 45,811

EUR yes 1,120 79,439 387 42,973

Test positive, not severe (positive) ALL yes 1,244 16,413 439 8,866

EUR yes 1,120 14,695 387 7,976

Death (05.09.21 release) Survivor (population) ALL 1,104 486,216 399 263,830

EUR 1,001 458,249 356 248,943

Tested, survivor (tested) ALL 1,104 84,882 399 45,851

EUR 1,001 79,558 356 43,004

Test positive, survivor (positive) ALL 1,104 16,553 399 8,906

EUR 1,001 14,814 356 8,007

ALL, all ancestries; OTHERS, ancestry different from EUR, AFR, and SAS; nEUR, non-EUR ancestry.
effect of significant associations was similar when using

different set of controls (Figure S48).

The 3p21.31 locus

This locus was associated with COVID-19 susceptibility,

hospitalization and severity, in EUR and ALL ancestries,

regardless of the set of controls employed. However, as

mentioned in previous works,8,10 the lead variant associ-

ated with susceptibility was not in LD with the lead vari-

ants for hospitalization or severity (r2 < 0.01), suggesting
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two distinct signals modulating COVID-19 susceptibility

and severity (Figure S49). After adjusting for cardiovascular

health (using body mass index, type 2 diabetes, and

ischemic heart diseases as covariates), the variants re-

mained associated (Table S7).

ABO

The ABO locus was associated with COVID-19 susceptibil-

ity for ALL and EUR participants, using either population

or tested controls. When controlling the association for
2



Table 2. Composition of the consecutive UKB COVID-19 data
releases

Release date
Cases (tested
positive) Controls

% Tested
positive
females Age casesa

05.07.20b 1,029 486,291 45.29 57.02 (9.12)

05.25.20b 1,270 486,050 46.93 56.57 (9.25)

06.05.20 1,412 485,908 47.31 56.45 (9.23)

06.18.20 1,485 485,835 47.21 56.47 (9.19)

07.14.20 1,670 485,650 46.59 56.89 (9.14)

08.04.20 1,723 485,597 46.66 56.77 (9.11)

09.08.20 1,821 485,499 46.73 56.66 (9.10)

10.16.20 3,050 484,270 48.69 55.19 (9.09)

11.03.20 4,372 482,948 49.38 54.79 (8.95)

11.25.20 5,868 481,452 49.52 54.56 (8.88)

12.04.20 7,435 479,885 50.46 54.36 (8.80)

01.04.21 8,722 478,598 50.50 54.28 (8.79)

01.22.21 13,401 473,919 52.27 53.85 (8.66)

02.02.21 14,802 472,518 52.44 53.81 (8.64)

02.24.21 15,738 471,582 52.47 53.77 (8.63)

04.04.21 16,586 470,734 52.68 53.70 (8.62)

05.09.21 17,657 469,663 52.70 53.64 (8.62)

06.18.21 18,481 468,839 52.79 53.57 (8.60)

aMean baseline age (standard deviation), at recruitment.
bFor the first two releases, the numbers reflect all ancestries, but only cases and
controls of EUR were considered for analyses.
cardiovascular health and asthma, the variants remained

associated (Table S7). Using haplotype analyses with blood

group tagging variants, we determined the blood groups

tagged by the lead variant associated with susceptibility

(rs9411378). For the five main blood groups, we used the

following tagging variants23: rs41302905 (tagging for

O2), rs8176743 (tagging for B), rs1053878 (tagging for

A2), rs8176719 (tagging for O1), and rs2519093 (tagging

for A1). As a result, we observed that the COVID-19 suscep-

tibility variant was fully tagging A1 and A2 haplotypes,

and partially tagging B haplotypes (20% of B haplotypes)

(Figure S50), suggesting an increased risk of infection for

A1 and A2 carriers.

APOE

The APOE variant tagging for the APOE-ε4 haplotype was

initially significantly associated with COVID-19 suscepti-

bility in EUR (rs429358-C; MAF ¼ 0.15; OR, 1.38 [1.24;

1.53]; P ¼ 1.80 3 10�9 on July 14, 2020). This signal was

notably the first report of a genetic determinant for

COVID-19 susceptibility.24 This previous report was based

on UKB data but this signal was not replicated in an inde-

pendent dataset, and this association was greatly attenu-

ated after the summer, when the number of COVID-19

cases started to rise significantly and the mean age of in-

fected participants decreased (Figure 2A). The interaction
Hum
between the age of participants and the APOE variant

was significant (P ¼ 1.78 3 10�9), which was further

confirmed using a 2df test25 with age and genotype (P ¼
2.65 3 10�9), suggesting that a subset of older participant

carriers of this variant was more at risk of COVID-19 infec-

tion. Remarkably, this signal became genome-wide signifi-

cant in the May 9, 2021, data release analyses of death in

ALL (OR, 1.40 [1.24; 1.57]; P ¼ 3.06 3 10�8), and EUR,

and in the analysis of severe COVID-19 in EUR, which

may suggest a mechanism leading to severe and lethal

complications after infection. However, there is no evi-

dence of association in the larger COVID-19hgi meta-anal-

ysis of COVID-19 severity (A2; freeze 5 without UKB; P ¼
0.27). Using the association of the death analysis, we

further controlled the association for Alzheimer’s disease,

for which APOE-ε4 is a known risk factor, but the variant

remained associated (OR, 1.33; P¼ 4.043 10�7). Adjusting

for cardiovascular health modestly increased the strength

of association of the APOE allele with COVID-related death

(OR, 1.39; P ¼ 6.45 x 10�9) (Table S7).

Results from ancestry- and sex-stratified analyses

In other ancestry-stratified GWAS (AFR, SAS, and OTHERS),

no signal was found genome-wide significant in the last

data release analyzed. In the GWAS combining all nEUR

participants, with population controls, one signal was

found significant at the LRMDA locus on chromosome 10

(rs114026383-C; MAF ¼ 0.02; OR, 2.39 [1.79; 3.20]; P ¼
4.103 10�9). According to gnomAD (v2.1.1),26 this variant

is mostly carried by individuals of AFR (MAF ¼ 0.04) and

mainly absent in OTHERS. In the GWAS of AFR partici-

pants, this signal is close to genome wide significance

(P ¼ 1.55 3 10�7). Interestingly, LRMDA variants have

been found associated to lung function27 (MIM: 608852)

and HIV viral load in an unadjusted GWAS,28 but there

was no evidence of LD between these variants and

rs114026383 (r2 < 0.01). Furthermore, this association

did not replicate in the COVID-19hgi susceptibility anal-

ysis (C2) restricted to AFR participants (P ¼ 0.27).

In addition, the chr3p21.31 susceptibility variant

(rs73062389) was less frequent in non Europeans, and we

did not observe an association with this variant in any of

the non EUR-stratified analyses (MAF ¼ 0.007 and P ¼
0.22 in AFR; MAF ¼ 0.021 and P ¼ 0.47 in SAS; and MAF

¼ 0.038 and P ¼ 0.79 in OTHERS). Similarly, there was

no association at the ABO lead variant (rs9411378) in

non EUR-stratified analyses (P ¼ 0.18 in AFR; P ¼ 0.22 in

SAS; P ¼ 0.34 in OTHERS).

In sex-stratified analyses, using Population controls, the

chr3p21.31 susceptibility signal was significant in women

(rs73062389; P¼ 1.063 10�8 in ALL) andmoderately asso-

ciated in men (P ¼ 2.10 3 10�6 in ALL), whereas the ABO

signal was significant in men (rs9411378; P¼ 5.103 10�10

in ALL) and moderately associated in women (P ¼ 3.30 3

10�5 in ALL). The chr3p21.31 lead variant in the hospital-

ization analysis (rs72893671) was more significant in men

(P¼ 6.803 10�11 in ALL) than in women (P¼ 3.683 10�4

in ALL). Despite these differences in significance between
an Genetics and Genomics Advances 3, 100095, April 14, 2022 5



Figure 1. Analysis workflow
The design of our study includes two phases. First, GWAS were performed for all 65 analyses, and genome-wide significant associations
were identified. Second, we focused on suggestive associations that increased in significance over time.
men and women for these three main signals, we did not

observe a significant difference of effect when using the

Z-test for the equality of regression coefficients (P > 0.05

for all three signals). Additionally, a variant reached

genome-wide significance in the analysis of COVID-19 sus-

ceptibility of women of ALL ancestry at the chr2q32.3 lo-

cus, while no association was observed for this variant in

men (P ¼ 0.47). However, this association was not sup-

ported by the COVID-19hgi C2 analysis (P ¼ 0.58), even

though the COVID-19hgi meta-analyses were not sex

stratified.

Signals with a positive significance trajectory in UKB

Given the low number of significant associations, we also

investigated suggestive associations (P < 10�5), and kept

track of how much they increased or decreased in signifi-

cance at each new data release analyzed. More specifically,

we recorded whether these signals increased or decreased

in significance by more than one order of magnitude. After

collecting this information across all data releases, we ob-

tained these significance trajectories for each variant. We

noted that the significance trajectory of the most robust

signals, at the chr3p21.31 and ABO loci, increased at least

once by more than one order of magnitude between two

consecutive releases, and sometimes slightly decreased,

but not by more than one order of magnitude (Figure 2).

Thus, we were interested in suggestive associations display-

ing a similar positive trajectory in significance over time,

and reaching a suggestive p value of at least 10�5 in the

last data release analyzed.

Across all 65 analyses, the number of variants reaching a

suggestive P value in the last release was 11,639, and the

subset of variants exhibiting a positive significance trajec-

tory was 8291 (28.8% of the variants with suggestive asso-

ciations were discarded). After extracting the lead variant
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at each locus, and removing the lead variants that were

already genome-wide significant, we obtained a list of

1411 lead variants (Table S8), with some duplicates, as

lead variants from a same locus can appear in several

analyses.

Notably, some of these loci previously reached genome-

wide significance in the COVID-19hgi meta-analyses.10

First, at the DPP9 locus (MIM: 608258) an intronic variant

was suggestively associated with hospitalization in ALL

when using tested as controls (rs12610495-G; MAF ¼
0.30; OR, 1.14 [1.08; 1.21]; P ¼ 3.31 3 10�6) and is in LD

with the lead variant associated with hospitalization in

the COVID-19hgi analysis (rs2277732; r2 ¼ 0.95). The an-

notations also reveal that this variant is also associated

with a decreased expression of DPP9 in the lung according

to GTeX (b ¼ �0.18; P ¼ 4.53 10�9). Second, at the RPL24

locus (MIM: 604180) a variant located in an intron of

CEP97 (MIM: 615864) was suggestively associated with

susceptibility in ALL (rs566103643-CA; MAF ¼ 0.35; OR,

0.95 [0.93; 0.97]; P ¼ 8.25 3 10�6), and is in LD with the

lead variant associated with susceptibility in the COVID-

19hgi meta-analysis (rs4342086; r2 ¼ 0.70). Last, at the

MAPT locus (MIM: 157140), an intronic variant was sug-

gestively associated with severe COVID-19 in ALL

(rs532052263-GT; MAF ¼ 0.26; OR, 0.80 [0.72; 0.88]; P ¼
2.98 3 10�6) also in LD with the lead variant associated

with severity in the COVID-19hgi analysis (rs8080583;

r2 ¼ 0.75).

Additional variants that are not currently significant in

the COVID-19hgi meta-analyses may also be of interest.

For instance, we identified a variant located in an intron

of MUC4 (MIM: 158372) suggestively associated with sus-

ceptibility in Europeans, using COVID Tested controls

(rs842225-A; MAF ¼ 0.46; OR, 1.06 [1.03; 1.09]; P ¼
3.56 3 10�6). This single nucleotide polymorphism is
2



Figure 2. Evolution of significant signals associated with COVID-19 susceptibility, hospitalization, severity and death in UKB partic-
ipants of EUR, using Population as controls
(A–D) Results of susceptibility, hospitalization, severity, and death analyses. For each sub-figure, the top panel represents the evolution in
significance (as -log10 p-values on y-axis) of signals reaching genomewide significance at least once across all data releases analyzed. The
middle panel represent the mean age of cases in each data release. The bottom panel represent the number of cases in each data release.
For sub-figure A, a representation of these signals across the COVID-19hgi releases is available as Figure S51.
reported to associate with decreased expression ofMUC4 in

the esophagus-mucosa in GTeX (b ¼ �0.23; P ¼ 2.8 3

10�11) as well as decreased expression of MUC20 (MIM:

610360) in whole blood (b ¼ �0.35; P ¼ 1.0 3 10�15). In

the COVID-h19gi susceptibility analysis, this variant had

a concordant effect direction and reached nominal signif-

icance (OR, 1.01; P ¼ 0.027). Interestingly, the expression

of these two mucins was recently shown to be correlated

with COVID phenotypes.29
Discussion

This project was initiated with the major aim to share re-

sults of COVID-19 host genetics analyses freely and rapidly
Hum
on the GRASP portal, during a pandemic where new in-

sights to improve patient care and develop better treat-

ments were greatly needed. A few months after the first

COVID-19 case was identified in the UK, we started to

perform GWAS on each dataset released by UKB between

May 2020 and June 2021, and thus far have examined

the genetic signals associated with COVID-19 phenotypes

across 18 data releases. This unique context allowed us to

track the evolution of genetic associations over time.

As a first observation, the majority of signals observed in

the first stages of the project did not sustain over time. For

instance, the first genome-wide significant association

observed in the GWAS of COVID-19 susceptibility in Euro-

peans with rs34338189 as lead variant is not even nomi-

nally significant in the last release (P ¼ 0.25). Another
an Genetics and Genomics Advances 3, 100095, April 14, 2022 7



Table 3. Lead variants associated with COVID-19 phenotypes and replication in COVID-19hgi

Analysis:Ancestry:
controls(:sex)a CHR:POS:NEA:EA rsid EAF OR 595 CI P value

Replication
analysis OR (P value) Locus

Susceptibility:ALL:
Population

3:45835417:G:A rs73062389 0.058 1.2070 [1.15; 1.27] 4.26 3 10�15 C2 1.17 (1.08 3 10�54) SLC6A20

Hospitalization:ALL:
Population

3:45850783:T:A rs72893671 0.081 1.4043 [1.28; 1.54] 5.12 3 10�13 B2 1.35 (6.95 3 10�51) SLC6A20;
LZTFL1

Severe:ALL:Population 3:45862952:T:C rs71325088 0.073 1.6206 [1.38; 1.90] 2.25 3 10�9 A2 1.88 (9.89 3 10�46) SLC6A20;
LZTFL1

Susceptibility:ALL:
Population

9:136145425:C:A rs9411378 0.219 1.1013 [1.07; 1.13] 3.30 3 10�12 C2b 1.07 (1.08 3 10�38) ABO

Death:ALL:Population 19:45411941:T:C rs429358 0.154 1.3983 [1.24; 1.57] 3.06 3 10�8 A2 0.96 (0.27) APOE

Ancestry-specific results

Susceptibility:nEUR:
Population

10:78250184:T:C rs114026383 0.016 2.3943 [1.79; 3.20] 4.10 3 10�9 C2c 1.05 (0.27) LRMDA

Sex-specific results

Susceptibility:ALL:
Population:F

2:192774154:G:A rs147509469 0.037 1.2589 [1.16; 1.37] 2.64 3 10�8 C2 1.007 (0.58) CAVIN2;
TMEFF2

CHR, chromosome; POS, position (hg19 genome build); NEA, non effect allele; EA, effect allele; EAF, effect allele frequency; 95 CI, 95% confidence interval [lower
bound; upper bound]; P: p value (from the last data release, analyzed on 06.18.21 for susceptibility and hospitalization, and 05.09.21 for severe and death phe-
notypes).
aIndicate the ancestry by label, the control set, and, when it is the case, the corresponding sex-stratified analyses (F, females; M, males).
bFor the replication of the ABO variant, rs9411378 was not available and the best proxy available rs635634 (LD r2 ¼ 0.53) was used instead.
cFor the replication of the LRMDA variant, the C2 analysis restricted to AFR participants was used.
genome-wide significant signal was observed at the APOE

locus, with a significance that increased in the first four

data releases before decreasing continually in the subse-

quent releases. The lead variant at the APOE locus is coding

in part for the APOE-ε4 haplotype, known to increase the

risk of Alzheimer’s disease (MIM: 607822), dementia, dysli-

pidemia, and cardiovascular diseases (MIM: 617347) and is

speculated to cause inflammation and cytokine storms.30

Notably, the significant association of the APOE signal

with severe COVID-19 and death in most recent analyses

could support this proposition, but this association has

not been replicated in an independent dataset. The evolu-

tion of the APOE signal over time could also be due to an

initial higher prevalence of COVID-19 in nursing

homes,31 where patients with dementia were at higher

risk of being infected and spreading the virus owing to

living arrangements and a poor understanding of transmis-

sion dynamics and appropriate safety guidelines early in

the pandemic. Overall, the evolution of these signals sug-

gests a change in the composition of cases over time,

such as the diminution of age and increase of positively

tested women in the later data releases, and potentially,

the introduction of new variant SARS-CoV2 strains. This

change was most significant after the 2020 summer

when a surge in new COVID-19 infections occurred.

The most robust findings from our study are the associa-

tion of the chr3p21.31 and ABO loci with COVID-19 sus-

ceptibility and a distinct signal at the chr3p21.31 locus

associated with hospitalization and severe COVID-19.

These observations corroborate several previous re-

ports.6–8,10 Furthermore, after controlling each significant
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association for cardiovascular health, asthma, and Alz-

heimer’s disease, the signals remained associated with

COVID-19 phenotypes, suggesting that these associations

were not biased by these underlying health conditions.

In addition, we developed an original strategy to identify

suggestive associations displaying increased significance

over time, thus allowing to reduce the scope of search.

Among these, three signals at the DPP9, NXPE3, and

MAPT loci were previously established variants associated

with COVID-19 phenotypes, notably by the COVID-

19hgi analyses,10 thus demonstrating the potential of

this approach. However, determining which variants actu-

ally modulate COVID-19 phenotypes among thousands of

candidates, without an independent and well-powered da-

taset such as COVID-19hgi to confirm the validity of a

signal, remains challenging. Moreover, this approach relies

on the assumption that external variables changing over

time, such as SARS-CoV-2 strains, have no effect on these

associations. For instance, if UKB participants were

exposed to a fast spreading, novel strain, with distinct ge-

netic mechanisms, our approach might be able to detect

these new genetic risk factors, but the independent risk fac-

tors of previous strains might no longer be detectable.

The associations we observed changing through the

pandemic could reflect random effects or changes in statis-

tical power, but some of the results suggest changes owing

to potential gene-environment interactions such as age,

underlying health conditions or sex makeup of cases

exposed to or engaging in risk behavior. This indicates

the general approach of iterative analysis and significance

trajectory analyses for genetics during pandemics may
2



have benefits in uncovering pathophysiologic clues. Addi-

tionally, other factors like predominant virus strains and

changing treatment strategies through a pandemic might

interact with host genetics, and be better understood by

iterative analyses. To enable such approaches in pandemics

and other critical research domains, rapid and extensive re-

sults sharing are important catalysts, as demonstrated by

the UKBB, COLCORONA, GenOMICC, and COVID-19hgi.

In summary, our host genomic analyses of COVID-19

may contribute to improve the comprehension of mecha-

nisms involved in the infection and complications due to

COVID-19. Our study also has some limitations. Most

important, our data and the work of others support large

health disparities between EUR and non-EUR individuals

related to COVID-19 throughout the ongoing pandemic.

Despite an over-representation proportionally among

cases and those with severe and fatal outcomes, the non-

EUR component of UKB and COVID-19hgi is a proportion-

ally small sample, limiting our statistical power to address

population-specific genetic variants contributing to health

outcomes. However, moving forward we feel that having a

diverse set of results with different phenotype definitions,

sex-specific, ancestry-specific, and including external

group summary statistics, all in a common genome refer-

ence and annotation frameworkmaymaximize the chance

for new studies to cross-replicate or meta-analyze results as

COVID-19 genetic studies continue to grow.
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