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We therefore assembled individual-level COVID-19 clinical 
and human genomic data in a large international consortium of 
17 cohorts in 9 countries (Belgium, Brazil, Canada, Germany, Ita-
ly, Norway, Spain, Sweden, and the United Kingdom) to assess 
the relationship between the chromosome 3 SNP rs10490770 
and COVID-19 severity, complications, and mortality, focus-
ing on age-dependent effects. Finally, in order to assess the rel-
ative importance of this locus, we compared its ability to predict 
COVID-19 outcomes to that of a polygenic risk score (PRS), which 
aggregates information from common genetic variants across the 
genome, and other established clinical risk factors.

Results
Study participants. We collected and harmonized individual-lev-
el clinical and genomic data from 13,888 COVID-19 patients 
diagnosed with COVID-19 from February 5, 2020, to Febru-
ary 7, 2021. Table 1 illustrates the participants’ demographic 
and clinical characteristics. By genetically inferring the ances-
try using 1000G genetic superpopulations (20) as a reference, 
the majority of participants were of European descent (12,091; 
87.1%). However, considerable numbers of individuals who were 
not of European were also included in metaanalyses: 389 (2.8%) 
were of South Asian ancestry, and 602 (4.3%) were of admixed 
American ancestry. Of these patients, 7185 were hospitalized, 
among whom 1695 (24.3%) were admitted to the intensive care 
unit (ICU); 1264 (10.0%) died following COVID-19 diagnosis, 
and 1704 (14.6%) met the criteria for severe respiratory failure 
(noninvasive ventilation, high-flow oxygen therapy, or intuba-
tion); their mean age was 62.9 years, and 31.2% were females. 
Clinical information was obtained with different degrees of com-
pleteness across studies. A detailed description of study-specif-
ic demographics, clinical characteristics, and their missingness 
rates is provided in Supplemental Figure 1 and Supplemental 

Introduction
The COVID-19 pandemic has led to the deaths of millions of 
individuals and the largest economic contraction since the Great 
Depression (1). The clinical outcomes of COVID-19 are remark-
ably variable, such that some individuals remain asymptomatic 
(2), while others develop severe COVID-19 with systemic inflam-
mation, respiratory failure, or death. This variability in outcome 
creates difficulties in clinical management when estimating who is 
at risk of severe disease and may develop a need for intensive care. 
Furthermore, recent guidelines suggest risk stratification should be 
considered when deciding upon prophylactic treatment (3–5).

Some of this variation in COVID-19 behavior has been attribut-
ed to risk factors such as age, sex (6), comorbidities (7), socioeco-
nomic factors (8), and genetic variants in the SARS-CoV-2 genome 
(9). While the main risk factor for severe outcomes is age, the 
impact of which increases exponentially after age 60 (7), some 
younger individuals experience severe COVID-19 outcomes and 
death. The early onset of several common diseases, such as breast 
cancers, myocardial infarction, and Alzheimer’s disease, is dispro-
portionally influenced by human genetic factors (10–13), and this 
may also be the case for COVID-19. Several GWAS have identi-
fied multiple loci in the human genome associated with severity 
of COVID-19 (14–17). Among GWAS findings, a genetic risk locus 
on chromosome 3 is the strongest and most consistent signal (16). 
This genetic risk locus harbors a cluster of genes on chromosome 3; 
however, the true causal variant is still unknown. The fact that the 
risk allele sits on a long haplotype inherited from Neanderthals (18) 
makes the identification of the causal allele and the gene or genes 
involved challenging. The SNP rs10490770 serves as a marker for 
this genetic risk factor (as well as other SNPs on the same haplo-
type; ref. 19), and approximately 15% of individuals of European 
ancestry carry the C risk allele (19). However, the clinical relevance 
of this locus and its potential age-dependent impact are unknown.

BACKGROUND. There is considerable variability in COVID-19 outcomes among younger adults, and some of this variation may 
be due to genetic predisposition.

METHODS. We combined individual level data from 13,888 COVID-19 patients (n = 7185 hospitalized) from 17 cohorts in 
9 countries to assess the association of the major common COVID-19 genetic risk factor (chromosome 3 locus tagged by 
rs10490770) with mortality, COVID-19-related complications, and laboratory values. We next performed metaanalyses using 
FinnGen and the Columbia University COVID-19 Biobank.

RESULTS. We found that rs10490770 risk allele carriers experienced an increased risk of all-cause mortality (HR, 1.4; 95% CI, 
1.2–1.7). Risk allele carriers had increased odds of several COVID-19 complications: severe respiratory failure (OR, 2.1; 95% CI, 
1.6–2.6), venous thromboembolism (OR, 1.7; 95% CI, 1.2–2.4), and hepatic injury (OR, 1.5; 95% CI, 1.2–2.0). Risk allele carriers 
age 60 years and younger had higher odds of death or severe respiratory failure (OR, 2.7; 95% CI, 1.8–3.9) compared with those 
of more than 60 years (OR, 1.5; 95% CI, 1.2–1.8; interaction, P = 0.038). Among individuals 60 years and younger who died or 
experienced severe respiratory failure, 32.3% were risk-variant carriers compared with 13.9% of those not experiencing these 
outcomes. This risk variant improved the prediction of death or severe respiratory failure similarly to, or better than, most 
established clinical risk factors.

CONCLUSIONS. The major common COVID-19 genetic risk factor is associated with increased risks of morbidity and mortality, 
which are more pronounced among individuals 60 years or younger. The effect was similar in magnitude and more common 
than most established clinical risk factors, suggesting potential implications for future clinical risk management.
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riers, and those with TT genotype were labeled as noncarriers. 
According to the population frequencies in gnomAD (19), we esti-
mate that 14.4% of individuals of European descent carry at least 
1 rs10490770 C allele, as well as 9.5% of admixed Americans, 
2.4% of Africans, 47.1% of South Asians, and 0.4% of East Asians. 
The carrier frequency was 16.2% among individuals of European 
descent in our cohort.

Association with mortality. We first estimated the HR for all-
cause mortality and COVID-19–related death. All analyses were 
performed separately for each ancestry group. Because the sam-
ple size in non-Europeans was limited, we reported the results 
from individuals of European descent as the main analyses, but 
the results from non-European ancestry individuals are presented 
in Supplemental Figures 4–7. All analyses were based on mixed- 
effects model adjusted for age, sex, and the first 5 genetic principal 
components (PCs) as fixed effects. Study groups were also includ-
ed as random effects to account for the study variability.

Risk allele carriers at rs10490770 had a higher HR for all-
cause mortality compared with noncarriers (HR, 1.4; 95% CI, 1.2–
1.7, P = 4.5 × 10–5, dead/alive = 870/8829) over a median follow-up 
duration of 43 days (IQR, 17.5–69 days; Figure 1A). A competing 
risk model to estimate the HR for COVID-19–related death while 
accounting for non-COVID-19–related deaths estimated a similar 
HR for COVID-19–related mortality (HR, 1.6; 95% CI, 1.3–1.8, P = 
4.5 × 10–7, dead/alive = 750/8829; Figure 1B). The association with 
mortality was reduced, but still significant, when the analysis was 
restricted to hospitalized individuals (HR for all-cause mortality, 
1.2; 95% CI, 1.0–1.4, P = 0.03, dead/alive = 870/3206, and HR for 
COVID-19 related mortality, 1.3; 95% CI, 1.1–1.6, P = 1.1 × 10–3, 
dead/alive = 750/3206), indicating that the effect of rs10490770 
on mortality was not simply explained by the higher hospitaliza-
tion rate among the carriers.

Associations with COVID-19 severity. We next examined the 
effect of risk allele carrier status at rs10490770 for COVID-19 
severity. We confirmed that risk allele carrier status at rs10490770 
was significantly associated with hospitalization (OR, 1.5; 95% CI, 
1.3–1.7, P = 1.2 × 10–9, cases/controls = 6054/6004). A stronger 
effect was observed for ICU admission (OR, 2.5; 95% CI, 1.9–3.2, 
P = 1.6 × 10–12, cases/controls = 1234/6004) and death or severe 
respiratory failure (OR, 1.7; 95% CI, 1.5–2.1, P = 9.0 × 10–10, cas-
es/controls = 2005/7047; Figure 2 and Supplemental Table 5). 
Restricting analyses to hospitalized individuals, we observed con-
sistent results, some of which were with diminished effect sizes 
(Figure 2 and Supplemental Table 5). For instance, a significant 
reduction in effect size was observed in OR for ICU admission (OR, 
1.6; 95% CI, 1.3–1.8, P = 3.5 × 10–8, cases/controls = 1234/4820).

We next explored the association of the rs10490770 risk 
allele with laboratory values that are known to be associated with 
the severity of COVID-19 (21–25). rs10490770 risk allele carrier 
status was associated with the worst value for each of these lab-
oratory values at hospital (e.g., lactate dehydrogenase: 0.23 SD 
increase, P = 3.5 × 10–7, D-dimer: 0.14 SD increase, P = 2.1 × 10–3; 
IL-6: 0.16 SD increase, P = 8.7 × 10–3; Supplemental Table 6 and 
Supplemental Figures 2 and 3).

Associations with COVID-19 complications. Risk allele carrier 
status at rs10490770 was associated with multiple COVID-19–
related severe complications (Figure 2). These included severe 

Table 1 (supplemental material available online with this article; 
https://doi.org/10.1172/JCI152386DS1).

Chromosome 3 genetic risk and a PRS. In order to tag the 
chromosome 3 locus, we selected the SNP rs10490770, which 
was most significantly associated with hospitalization in the 
COVID-19 GWAS from the COVID-19 HGI, since this is the largest 
GWAS metaanalysis of COVID-19 severity (16) (cases/controls = 
12,888/1,295,966). We then compared the predictive performance 
of rs10490770 and a PRS. Using the COVID-19 HGI GWAS release 
6 (https://www.covid19hg.org/results/r6/), we first metaanalyzed 
GWAS results from cohorts that were not included in our study 
(Supplemental Table 2) and calculated PRSs using a pruning and 
thresholding method. A PRS of P = 5 × 10–4 and r = 0.7 had the max-
imum accuracy in prediction for death or severe respiratory failure 
and was more significantly associated with death or severe respi-
ratory failure than the chromosome 3 SNP only (OR, 1.7 vs. 1.2 per 
1 SD increase in PRS and rs10490770, respectively; Supplemental 
Tables 3 and 4). Nevertheless, we focused on exploring the clinical 
implications of rs10490770, given that a single variant can be more 
easily tested in a clinical context, requires fewer computational 
resources than a PRS, and is less influenced by limitations, such as 
the poor transferability of PRSs across different ancestry groups.

Risk allele frequency. We applied a dominant model by group-
ing participants into 2 groups according to their genotype at 
rs10490770; C is the allele associated with COVID-19 severity. 
Those with TC genotype or CC genotype were labeled as car-

Table 1. Patient characteristics

Hospitalized Total
(n = 7185) (n = 13,888)

Female 2866 (39.9%) 6549 (47.2%)
Age (years)A 64.8 (14.7) 63.7 (12.8)
Ancestry

European 6054 (84.3%) 12,091 (87.1%)
South Asian 113 (1.6%) 389 (2.8%)
African 234 (3.3%) 421 (3.0%)
Others 187 (2.6%) 276 (2.0%)
East Asian 64 (0.9%) 109 (0.8%)
Admixed American 533 (7.4%) 602 (4.3%)

ICU admission 1695 (24.3%) 1695 (12.5%)
Death status

Survived 4887 (79.3%) 11,369 (90.0%)
Deceased 1264 (20.5%) 1264 (10.0%)

Respiratory failure
Severe respiratory failure 1704 (30.2%) 1704 (14.6%)
Oxygen supplementation 2051 (36.4%) 2051 (17.6%)

Hepatic injury 532 (10.8%) 536 (4.7%)
Cardiovascular complications 1017 (19.6%) 1040 (9.3%)
Kidney injury 1172 (21.8%) 1182 (10.0%)
VTE 288 (6.9%) 289 (2.7%)
AMean (SD); percentage was calculated among those with complete 
information. The missing rates for each study are listed in Supplemental 
Table 1. Others in ancestry included remaining individuals who were not 
assigned as either of European, South Asian, African, East Asian, or 
admixed American descent.
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risk allele carrier status had markedly increased odds of death or 
severe respiratory failure (OR, 2.7 95% CI, 1.8–3.9), whereas risk 
allele carrier status had more modest effects among those older 
than 60 years with an OR of 1.5 (95% CI, 1.2–1.9, P value interac-
tion = 0.038; Figure 3B and Supplemental Tables 5 and 7). Among 
all participants 60 years or younger who died or experienced 
a severe respiratory COVID-19 outcome, we found that 32.3% 
(95% CI, 28.3%–36.7%) were rs10490770 risk variant carriers, 
compared with 13.9% (95% CI, 12.6%–15.2%) of those who did 
not experience severe disease (Table 2). When considering other 
severity phenotypes, such as hospitalization and ICU admission, 
we observed that risk allele carriers tended to be younger than 
noncarriers. However, we did not detect a different effect in the 
association between rs10490770 risk allele carriers and these 
additional severity phenotypes among those who were 60 or 
younger versus more than 60 years old. This could be attributed to 
the heterogeneity of the criteria of hospitalization or ICU admis-
sion or case-control imbalance in some participating studies.

respiratory failure (OR, 2.1; 95% CI, 1.6–2.6, P = 2.3 × 10–10, cases/
controls = 1284/7047), venous thromboembolism (VTE) (OR, 1.7; 
95% CI, 1.2–2.4, P = 1.1 × 10–3, cases/controls = 208/8,936), and 
hepatic injury (OR, 1.5; 95% CI, 1.2-2.0, P = 1.4 × 10–3, cases/con-
trols = 352/9541). No significant effect was observed for cardio-
vascular complications (OR, 1.2; 95% CI, 1.0–1.5, P = 0.10, cases/
controls = 854/8890), although this might be due to lack of sta-
tistical power to detect such effects. Similar results were observed 
when restricting the analyses o hospitalized patients (Figure 2 and 
Supplemental Table 5).

Age-dependent associations with COVID-19 severity. We 
explored how the effects of rs10490770 risk allele carrier status 
on severe COVID-19 outcomes in individuals of European descent 
varied by age. Among severe patients who died or had severe 
respiratory failure, rs10490770 risk allele carriers were on aver-
age 2.3 (95% CI, 1.1–3.5) years younger than noncarriers (P = 1.6 
× 10–4, n = 2005; Figure 3A and Supplemental Table 5). Stratifying 
by age, we found that among those who were 60 years or younger, 

Figure 1. Associations with mortality. The results 
described here were restricted to 9699 COVID-19 patients 
of European ancestry with available follow-up and cause 
of death information. (A) Survival analysis using Cox’s 
proportional hazard model. Kaplan-Meier curves stratified 
by rs10490770 risk allele carrier status. (carriers: n = 1469 
vs. noncarriers: n = 8,230). HRs were calculated by adjust-
ing for age, sex, and genetic PCs 1 to 5 as fixed effects and 
a dummy variable representing the participating studies 
as random effects. (B) Cumulative incidence curves for 
COVID-19–related death and COVID-19–unrelated death 
among the same individuals as described in A.
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(risk allele carrier status: OR, 3.5; 95% CI, 2.3–5.3, P = 1.4 × 10–9; 
frequency of risk allele carriers, 14.5%; cases/controls = 151/2348) 
relative to DM (OR, 2.7; 95% CI, 1.6–4.5, P = 4.4 × 10–4; frequency 
of DM, 5.7%; Figure 4A and Supplemental Table 9).

Consistent with the results from multivariable regression, 
adding the rs10490770 genotype to nongenetic risk factors mod-
estly improved discrimination for death or severe respiratory fail-
ure among patients 60 years or younger (AUC: 0.82 vs. 0.84, P = 
0.021, and net reclassification improvement [NRI], 0.41, P = 7.7 
× 10–8; Table 3), and the performance of risk discrimination was 
similar to, or better than, that of most of established risk factors 
included in the study (Figure 4B and Supplemental Table 10).

Metaanalyses. We next metaanalyzed the European ances-
try results presented above with those of non-European ances-
try participants and 2 external cohorts. We confirmed similar 
effects in the associations with mortality (Supplemental Figure 4), 
COVID-19 severity (Supplemental Figure 5), COVID-19 compli-
cations (Supplemental Figure 6), and age-dependent effects (Sup-
plemental Figure 7). Given the small sample size of non-European 
participants, we lacked sufficient statistical power to investigate 
whether the association between rs10490770 risk allele carriers 
and COVID-19 outcomes was different when comparing individu-
als of non-European and European ancestry.

Sensitivity analysis. Finally, we performed several sensitiv-
ity analyses to evaluate the robustness of our results. First, we 
removed the study variables from the covariates (Supplemental 

Associations with COVID-19 severity stratified by established 
clinical risk factors. We studied how the effects of rs10490770 risk 
allele carrier status on COVID-19 severity varied by other estab-
lished clinical risk factors. Among individuals with no risk fac-
tors (BMI ≥ 30, smoking, cancer, chronic kidney disease, chronic 
obstructive pulmonary disease (COPD), heart failure, transplan-
tation, and diabetes mellitus [DM]) prior to COVID-19, risk allele 
carriers had an OR of 1.8 for death or severe respiratory failure 
(95% CI, 1.0–3.4), whereas risk allele carrier status had more mod-
est effects among those with 1 risk factor (OR, 1.6; 95% CI, 1.1–2.5) 
and more than 1 risk factor (OR, 1.4; 95% CI, 1.0–1.8) (P value for 
interaction = 0.091; Figure 3B and Supplemental Table 8).

Risk prediction compared with established clinical risk factors. We 
compared the risk discrimination conferred by the rs10490770 
risk allele on COVID-19 severity with that observed for other 
established COVID-19 risk factors. To do so, we used multivari-
able regression in 7983 individuals of European ancestry, with 
complete ascertainment of clinical risk factors. rs10490770 risk 
allele carrier status was independent of other risk factors (Figure 
4A and Supplemental Table 9) when examining the association 
with death or severe respiratory failure (OR, 2.0; 95% CI, 1.7–2.4,  
P = 1.7 × 10–13; frequency of risk allele carriers, 14.7%, cases/
controls = 898/6454). The effect sizes were comparable, or larg-
er, than those of other known risk factors such as DM (OR, 2.0; 
95% CI, 1.7–2.4, P = 1.0 × 10–12, frequency of DM, 12.5%). Stron-
ger effects were observed among individuals 60 years or younger 

Figure 2. Associations between rs10490770 risk allele carrier status and COVID-19 severity and complications. The results described here were restricted 
to COVID-19 patients of European ancestry. Logistic regressions were fit to assess the associations of rs10490770 risk allele carrier status with COVID-19 
severity and complications, adjusting for age, sex, and genetic PCs 1 to 5 as fixed effects, and a dummy variable representing the participating studies 
as random effects. Red: All participants (n = 12,091); blue: hospitalized participants only (n = 6054). The case counts demonstrated as Ncase are the 
case counts in the analyses of all participants. The full list of case and control counts in the analyses of all participants and those hospitalized only are 
described in Supplemental Table 5.
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Tables 11 and 12). Second, we included participating studies them-
selves either as fixed or random effects (Supplemental Tables 11 
and 12). Third, we restricted the analyses to individuals of Euro-
pean descent from UK Biobank (UKB), a cohort that was not 
developed to study COVID-19 and thus is less prone to selection 
bias. These UKB analyses generated similar results (Supplemental 
Table 13). Fourth, we explored different cutoffs for age-stratified 
analyses (Supplemental Table 14). Finally, we excluded related 
individuals (Supplemental Table 15). All sensitivity analyses were 
consistent with the results from the main analyses.

Discussion
Combining individual-level clinical and genomic data from 13,888 
individuals ascertained for COVID-19 outcomes from 17 cohorts 
in 9 countries, we found that the major genetic risk factor for 
severe COVID-19 on chromosome 3 was strongly associated with 
COVID-19–related mortality and clinical complications, such as 
respiratory failure and VTE.

The risk allele is common. We estimated that 14.4% of individ-
uals of European ancestry are risk allele carriers at rs10490770. 
Further, 9.5% of admixed Americans, 2.4% of Africans, 47.1% of 
South Asians, and 0.4% of East Asians are risk allele carriers (20). 
Consequently, a large proportion of humans carry this risk factor.

The effect of carrying the risk allele on COVID-19 severity was 
stronger in younger individuals. First, among those 60 years or 

younger, the odds of death or severe respiratory failure increased 
2.7-fold for risk allele carriers. We found that 32% of individuals 60 
years or younger who died or experienced severe respiratory fail-
ure were risk allele carriers compared with 14% of individuals not 
requiring supplemental oxygen. Second, among individuals who 
died or experienced severe respiratory failure, risk allele carriers 
were on average 2.3 years younger than noncarriers. Finally, the risk 
discrimination for death and severe respiratory COVID-19 provid-
ed by the risk allele was similar to, or larger than, established clin-
ical risk factors in individuals 60 years or younger. Other common 
diseases have also demonstrated larger effects of genetic risk fac-
tors at a younger age (10, 11, 13). Genetic risk factors are often clin-
ically valuable for risk stratification in younger age groups because 
the frequency of other established risk factors for COVID-19, such 
as DM, is often reduced, while the frequency of the genetic vari-
ant remains high. Moreover, this specific variant is not associated 
with any known COVID-19 risk factor (16) and therefore provides 
orthogonal information compared with existing risk assessment 
tools. Although vaccination development for SARS-CoV-2 has suc-
cessfully reduced COVID-19 disease burden in many countries 
(26, 27), SARS-CoV-2 will likely become endemic in the human 
population, and it is still not known how long vaccine protection 
will last. Therefore, this genetic variant may aid in future public 
health strategies, including selecting individuals for early therapy 
and potentially for subsequent vaccination prioritization programs.

Figure 3. Influence of age and clinical risk factors for the effect of rs10490770 risk allele carrier status on death or severe respiratory failure. (A) Age distri-
bution in COVID-19 patients of European ancestry who died or experienced severe respiratory failure (n = 2005). Median (IQR) age was 67.2 (range, 59–76) years 
in carriers (n = 506) and 72 (range, 63–78) years in noncarriers (n = 1499). (B) ORs of rs10490770 risk allele carrier status for death or severe respiratory failure. 
Regressions were performed within subgroups stratified by age (age ≤60 years and age >60 years) (cases/controls = 2005/7047) or by the number of established 
risk factors (0, 1, or ≥2); BMI ≥30, smoking, cancer, chronic kidney disease, COPD, chronic heart failure, transplantation, and DM (cases/controls = 898/6454). All 
analyses were adjusted for age, sex, genetic PCs 1 to 5 as fixed effects, and a dummy variable representing the participating studies as random effects.
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A PRS for COVID-19 severity derived from release 6 of the 
COVID-19 HGI had a stronger association with COVID-19 out-
comes compared with the rs10490770 risk allele alone. Neverthe-
less, the aim of this study is to explore the clinical implications of the 
major genetic risk factors of COVID-19, and future studies should 
investigate the role of PRSs in COVID-19 severity prediction.

The biology of how the chromosome 3 genetic risk has an 
effect on COVID-19 severity is still unknown. This locus on chro-
mosome 3p21 includes the putative SARS-CoV-2 coreceptors 
SCL6A20 (28, 29), LZTFL1, and FYCO1 (30) and the chemokine 
receptors CCR9 (29), CXCR6 (31), and XCR1. There are other 
chemokine receptors among flanking genes, CCR1, CCR2, and 
CCR3 (32–34), whose involvement in SARS-CoV-2 infection has 
been suggested and could explain the biology of the striking effect 
of this genetic risk. Many studies (15, 29) have been trying to pin-
point a single gene or a set of causal genes, but a robust biological 
consensus has not been built to date.

This study has important limitations. Each cohort has its 
own selection bias and ascertainment bias. Several studies were 
enriched for severe patients, whereas UKB is a non–COVID-19 
cohort, with evidence of healthy volunteer bias (35). Nevertheless, 
it may be less prone to selection bias than the COVID-19 cohorts. 
Selection bias is inherent to most COVID-19 observational studies 
(36), and this influences the generalizability of the results outside 
the study populations. Indeed, the estimated protective effects of 
smoking for COVID-19 severity likely reflect the collider bias due to 
selection of study participants. Further, other COVID-19 epidemi-
ological studies demonstrated similar effects (36, 37). To mitigate 
against these issues, we combined data from observational studies 
with different ascertainment strategies, including national health 
care systems, studies that were established prior to the COVID-19 
pandemic so that recruitment was not dependent upon COVID-19 
status, and hospital-based studies. This allowed for an increased 
representation of individuals with severe COVID-19 outcomes. 
We also provide analyses restricted to hospitalized patients, which 
is an ascertained, but clinically relevant, population. Although 
we were motivated to estimate whether homozygous individuals 

were at greater risk than heterozygous car-
riers, we could not draw any meaningful 
conclusions due to the low sample size (n = 
135 homozygous carriers, of whom 92 were 
of European ancestry). While we included 
information from participants who were 
of non-European ancestry, ongoing efforts 
should enable larger sample sizes to better 
define the importance of the chromosome 
3 risk locus in these ancestries. This further 
emphasizes the importance of developing 
genomics-enabled studies in individuals of 
non-European ancestry.

Since the beginning of the pandem-
ic, we aimed to aggregate and harmonize 
individual-level clinical and genotype data 
from multiple cohorts from diverse coun-
tries. Due to the nature of the heterogene-
ity of health care systems, our data from 
multiple countries substantially increas-

es the generalizability of our research findings (38). Moreover, 
we deposited a subset of this harmonized data to the European 
Genome-Phenome Archive (EGAS00001005304) for future use 
by all bona fide researchers to further improve our ability to under-
stand the COVID-19 pandemic.

In summary, the major genetic COVID-19 risk locus is com-
mon and has moderate to large effects on COVID-19 outcomes, 
including mortality. These effects are age dependent, such that 
the magnitude of risk increases in younger individuals. These 
findings suggest potential implications of genetic information in 
clinical risk management.

Methods
Study participants. We gathered clinical and genomic data from 13,888 
COVID-19 cases (7185 of whom were hospitalized) with genetic infor-
mation available, harmonizing individual-level data from 17 studies. 
COVID-19 cases were defined as individuals having at least 1 con-
firmed SARS-CoV-2 viral nucleic acid amplification test from relevant 
biologic fluids or whose SARS-CoV-2 status was confirmed by ICD-10 
codes, using codes U071 and/or U072. We combined data from hospi-
tal-based studies that recruited participants after COVID-19 outbreak 
and a population-based biobank in which recruitment was not depen-
dent upon COVID-19 status. Data were centrally collected at the 
Institute for Molecular Medicine Finland and harmonized through a 
standardized data dictionary (https://docs.google.com/spreadsheets/ 
d/1hwBeqckB3_qC8nnavT0kLLntOh3GrmWRJQHeO9zwG8w/
edit#gid=665246845). Detailed information for data collection in 
each individual study is described in Supplemental Methods.

Genotyping and ancestry assignment. In order to tag the chromo-
some 3 locus, we selected the SNP rs10490770, which was most sig-
nificantly associated with hospitalization in the COVID-19 GWAS 
from the COVID-19 HGI, since this is the largest GWAS metaanalysis 
of COVID-19 severity (ref. 16; cases/controls = 12,888/1,295,966). 
Each participating study used genotyping and imputation separate-
ly following a recommended quality control pipeline (https://docs. 
google.com/document/d/16ethjgi4MzlQeO0KAW_yDYyUHdB9k-
KbtfuGW4XYVKQg/edit). Detailed methods describing genotyping 

Table 2. Age and risk allele carrier status by COVID-19 severity outcomes

Death or severe respiratory failure COVID positive but no oxygen supplementation
 Hospitalized All

All   
Carrier 25.2% [23.4; 27.2] (506) 16.2% [14.5; 18.1] (261) 13.8% [13; 14.6] (974)
Noncarrier 74.8% [72.8; 76.6] (1499) 83.8% [81.9; 85.5] (1346) 86.2% [85.4; 87] (6073)
Total 100% (2,005) 100% (1607) 100% (7047)

Age ≤60 years old
Carrier 32.3% [28.3; 36.7] (151) 14.6% [11.3; 18.7] (52) 13.9% [12.6; 15.2] (366)
Noncarrier 67.7% [63.3; 71.7] (316) 85.4% [81.3; 88.7] (304) 86.1% [84.8; 87.4] (2274)
Total 100% (467) 100% (356) 100% (2640)

Age >60 years old
Carrier 23.1% [21; 25.3] (355) 16.7% [14.7; 18.9] (209) 13.8% [12.8; 14.8] (608)
Noncarrier 76.9% [74.7; 79] (1183) 83.3% [81.1; 85.3] (1042) 86.2% [85.2; 87.2] (3799)
Total 100% (1538) 100% (1251) 100% (4407)

Frequency of rs10490770 risk variant carriers in individuals of European descent stratified by age and 
COVID-19 severe outcomes. Square brackets indicate 95% CI; parentheses show sample size.
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reduce the risk of collinearity (details are described in Supplemental 
Methods. We further estimated the frequency of rs10490770 risk allele 
carrier status from population frequencies reported in an external 
database (the Genome Aggregation Database, version 3.1 [gnomAD];  
ref. 19), assuming this variant follows Hardy-Weinberg equilibrium.

Association with mortality. The HR for all-cause mortality was esti-
mated by Cox’s proportional hazard models using the coxme version 
2.2-16 R package (https://cran.r-project.org/web/packages/coxme/). 
Individuals entered follow-up when diagnosed with COVID-19 or, if 
a diagnosis date was missing, when hospitalization occurred or when 
symptoms started. Date of death was considered an event, and data 
were censored at the last date of follow-up (details are described in Sup-
plemental Methods). We additionally performed competing risk anal-
yses to estimate the subdistribution HR for COVID-19–related mortal-
ity using the cmprsk version 2.2-10 R package, which accounts for the 
competing risk of non-COVID-19–related death: i.e., individuals who 
did not die of COVID-19 but died due to other causes (e.g., cancer). 
In the competing risk model, study groups were considered as fixed 
effects. Survival analyses were restricted to study participants with 
available follow-up and cause of death information (n = 9699). Cause 
of death was defined by doctor diagnoses, medical chart reviews, or 
ICD-10 codes (details are described in Supplemental Methods).

Association with COVID-19 severity and complications. To under-
stand the clinical implications of the chromosome 3 locus, we 

and imputation are available in Supplemental Methods. Ancestry was 
inferred by performing projection onto the PC analysis (PCA) space 
from the 1000G (20) phase 3 population using HapMap3 SNPs (39) with 
minor allele frequency greater than 1% (detailed methods are in Supple-
mental Methods; Supplemental Table 16 and Supplemental Figure 1).

Statistical analyses. To test the association between rs10490770 
and all phenotypes, we applied a dominant model by grouping partic-
ipants into 2 groups according to their genotype at rs10490770. C is 
the allele associated with COVID-19 severity; those with TC genotype 
or CC genotype were labeled as carriers, and those with TT genotype 
were labeled as noncarriers. We chose this model because it had the 
lowest Akaike information criterion (AIC) compared with additive and 
recessive models (see the Supplemental Methods and Supplemental 
Table 17 for details) for a logistic regression for death or severe respi-
ratory failure outcome (defined below). All analyses were performed 
separately for each ancestry group. Because the sample size in non- 
Europeans was limited, we reported the results from individuals of 
European descent as the main analyses, but the results from non-Euro-
pean ancestry individuals are in Supplemental Figures 4–7. All analyses 
were based on mixed-effects models adjusted for age and sex, and the 
first 5 genetic PCs as fixed effects and study groups were also included 
as random effects to account for study variability. Five study groups, 
mostly reflecting the country of origin of the study, were created by 
combining small participating studies with few cases and controls to 

Figure 4. Multivariable regression models and risk prediction estimates for death or severe respiratory failure. Multivariable regression analyses for 
death or severe respiratory failure were restricted to European-ancestry individuals with complete information of demographic variables (green), comor-
bidities (blue), and rs10490770 risk allele status (red). n = 7352 for all and n = 2499 for age ≤60. CKD, chronic kidney disease; CHF, chronic heart failure. 
Error bars indicate 95% CIs. (A) Forest plots comparing ORs from multivariable regression models. The size of each dot represents the frequency of the risk 
factors. (B) Comparison of AUCs of predictions for COVID-19 outcomes. rs10490770 risk allele and nongenetic clinical risk factors were included separately 
in addition to age and sex in multivariable regression models.
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by at least 1 of the following: doctor-diagnosed 
acute kidney injury (AKI), highest creatinine 
greater than 1.5 times ULN, or ICD-10 codes 
for AKI (N17*); and (e) VTE, defined by at least 
1 of the following: doctor-diagnosed pulmo-
nary embolism (PE) or deep venous thrombosis 
(DVT) or ICD-10 codes for PE or DVT (I26*, I81, 
I82*). Controls for severe respiratory failure were 
defined as those requiring no oxygen therapy 
and who were alive, corresponding to WHO clin-
ical progression scale (40) 1 to 4 (Supplemental 
Table 18), whereas controls for other complica-
tions were defined as those who did not meet the 
corresponding case criteria and were alive.

Finally, we considered the laboratory values 
of complete blood count and biochemistry tests 

available at hospitals (Supplemental Table 6). To test the association 
with the chromosome 3 locus, we used the lowest value for lympho-
cyte counts and otherwise the highest value recorded per individual 
(21–25). This is because we were interested in using these laboratory 
values as a proxy for COVID-19 severity. Definitions and quality con-
trol of laboratory values and specific codes are described in Supple-
mental Methods and Supplemental Figure 2.

Age-dependent associations with COVID-19 severity. We evaluat-
ed the age-dependent effects of the risk allele carrier status on the 
3 COVID-19 severity phenotypes we defined above by performing 2 
sets of analyses: (a) linear regressions between age at diagnosis and 
risk allele carrier status among severe cases, adjusting for the same 
covariates as the main analyses, and (b) adding a carrier status by age 
interaction term in the main regression models. Age was not dichoto-
mized in these analyses. We also stratified participants by age 60 years 
or less or more than 60 years and repeated the same logistic regres-
sions, and we estimated the frequency of the risk allele carriers in the 2 
age groups. We used 60 years as a cut-point for age-stratified analyses 
because COVID-19 case fatality rates increase markedly after this age 
(https://www.inspq.qc.ca/covid-19/donnees/age-sexe) (41).

Associations with COVID-19 severity stratified by established clin-
ical risk factors. In order to compare the association of rs10490770 
risk allele carrier status with other risk factors, we similarly stratified 
participants by BMI of 30 kg/m2 or more (a definition of obesity; ref. 
42), smoking (ever smoker vs. never smoker), cancer, chronic kidney 
disease, COPD, chronic heart failure, transplantation, and DM, all 
of which were curated as established clinical risk factors for severe 
illness of COVID-19 according to the CDC website (42). All of the 8 
risk factors were defined by doctor diagnoses, medical chart reviews, 
or ICD-10 codes (details are described in Supplemental Methods and 
Supplemental Table 19). We then tested the difference of the magni-
tude of the associations of the risk allele carrier status compared with 
the 8 clinical risk factors. Clinical risk factor–stratified analysis and 
prediction assessment (described below) were restricted to individu-
als with complete information for demographics, clinical risk factors, 
and rs10490770 genotype information (n = 7983). The majority of 
this subset were from UKB (n = 7461), and only 145 individuals were 
included from the first discovery GWAS (14).

Risk prediction compared with established clinical risk factors. To 
better understand the prediction improvement by addition of the 
chromosome 3 genetic risk in addition to the 8 clinical risk factors, 

fit mixed-effects regression models to assess the association of 
rs10490770 risk allele (C) carrier status with 3 types of COVID-19–
related measurements: COVID-19 severity, COVID-19 complications, 
and laboratory values. To do so, we defined 3 COVID-19 severity out-
comes, with appropriate control definitions among SARS-CoV-2–posi-
tive individuals: (a) hospitalization; (b) ICU admission, and (c) death or 
severe respiratory failure. Hospitalization cases were COVID-19 cases 
admitted to the hospital (corresponding to WHO clinical progression 
scale [ref. 40] ≥ 4; Supplemental Table 18), whereas controls were 
individuals who did not experience hospitalization (corresponding to 
WHO clinical progression scale [ref. 40] 1 to 3; Supplemental Table 18). 
ICU cases were those COVID-19 cases admitted to the ICU, and con-
trols were individuals who did not experience hospitalization. To assess 
potential selection bias, we also repeated the analyses using only indi-
viduals who were hospitalized. In these analyses, controls were defined 
as those who were hospitalized, but not admitted to the ICU. Death or 
severe respiratory failure cases were defined as individuals who died 
or required respiratory support (intubation, continuous positive airway 
pressure, bilevel positive airway pressure, or continuous external neg-
ative pressure, high-flow positive end expiratory pressure oxygen), had 
ICD-10 codes for acute respiratory distress syndrome (ARDS) or acute 
respiratory failure (J80, J9600, J9609, Z991), or OPCS codes for the 
use of a ventilator (E851, E852), corresponding to WHO clinical pro-
gression scale (40) ≥6 (Supplemental Table 18). Controls for the death 
or severe respiratory failure cases were defined as those requiring no 
oxygen therapy and who were alive, corresponding to WHO clinical 
progression scale (40) 1–4 (Supplemental Table 18).

We next defined 5 COVID-19–related complications, which were 
diagnosed in the hospital. These included the following: (a) severe 
respiratory failure, which was defined as individuals who used respira-
tory support or had administrative codes for ARDS, respiratory failure, 
or ventilatory support, as described above, corresponding to WHO 
clinical progression scale (40) 6 to 9 (Supplemental Table 18); (b) 
hepatic injury, which was defined as individuals with at least 1 of the 
following: doctor-diagnosed hepatic complications, highest alanine 
aminotransferase over 3 times the upper limit of normal (ULN), or 
ICD-10 codes for acute hepatic failure (K720); (c) cardiovascular com-
plications, which were defined by at least 1 of the following: doctor- 
diagnosed acute myocardial infarction (AMI) or stroke, highest tro-
ponin T or troponin I greater than ULN, or ICD-10 codes for AMI or 
stroke (I21*, I61, I62, I63, I64, I65, I66*); (d) kidney injury, defined 

Table 3. Risk prediction performance for death or severe respiratory failure

Age range Model AUCA AUC P valueB NRIA NRI P valueB

All
Cases = 898 
Controls = 6454

Baseline 0.76 [0.75; 0.78] – – –
Baseline and 
rs10490770

0.77 [0.76; 0.79] 1.4 × 10–4 0.19 [0.13; 0.25] 4.4 × 10–11

Age ≤60
Cases = 151  
Controls = 2,348

Baseline 0.82 [0.79; 0.86] – – –
Baseline and 
rs10490770

0.84 [0.81; 0.88] 2.1 × 10–2 0.41 [0.26; 0.56] 7.7 × 10–8

Only individuals with complete information regarding clinical risk factors and genotype were 
included. Baseline model includes age, sex, BMI, smoking status (ever smoker versus never 
smoker), cancer, chronic kidney disease, COPD, chronic heart failure, transplantation, and DM. 
ASquare brackets show 95% CI. BP values were calculated by comparing baseline model and 
baseline and rs10490770 model. 
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[SPGRX]), and Sweden (SweCovid) were deposited at the European 
Genome-Phenome Archive (EGA EGAS00001005304). Regarding 
the SweCovid study, an institutional data transfer agreement can be 
established and data may be shared if the aims of data use are cov-
ered by ethical approval and patient consent. Regarding the data from 
genetic modifiers for COVID-19–related illness (BelCovid_1), individ-
ual-level data were acquired and shared with FIMM during the early 
stages of the pandemic Upon contact with Isabelle Migeotte (Isabelle.
Migeotte@erasme.ulb.ac.be), an institutional data transfer agreement 
can be established and data can be shared if the aims of data use are 
covered by ethical approval and patient consent. The procedure will 
involve an update to the ethical approval as well as review by legal 
departments at both institutions, and the process will typically take 2 
to 4 months from initial contact.

Regarding the BoSCO study, individual-level genotype and clini-
cal data for the purpose of this study were shared with FIMM under a 
legal, bilateral agreement and were specific to this particular project. 
Current participant consents and privacy regulations prohibit deposi-
tion of individual level data to public repositories. Upon contact with 
Kerstin Ludwig (kerstin.ludwig@uni-bonn.de), an institutional data 
transfer agreement can be established and data shared if the aims of 
data use are covered by ethical approval and patient consent. The pro-
cedure will involve review by legal departments at both institutions, 
and the process will typically take about 2 months from initial contact.

The BQC19 is an open science biobank. Instructions on how 
to access data for individuals from the BQC19 at the Jewish Gener-
al Hospital site are available here: https://www.mcgill.ca/genepi/
mcg-covid-19-biobank. Instructions on how to access data from oth-
er sites of the BQC19 are available here: https://www.bqc19.ca/en/
access-data-samples.

For the COVID-19 Kohortenstudie am Klinikum München Rechts 
der Isar (COMRI) cohort, data protection legislation does not allow for 
deposition of individual level data in public repositories. Upon direct 
contact with Christoph Spinner (christoph.spinner@tum.de), an insti-
tutional data transfer agreement can be established and data will be 
shared if the aims of data use are covered by ethical approval and 
patient consent. The procedure will involve an update to the ethical 
approval as well as review by legal departments at both institutions, 
and the process will typically take 2 to 3 months from initial contact.

Regarding the Fondazione IRCCS Milan data (FOGS study), insti-
tutional data privacy regulations prohibit deposition of individual 
level data to public repositories without specific consent. Participant 
written consent also does not cover public sharing of data for use for 
unknown purposes. Upon contact with Luca Valenti (luca.valenti@
unimi.it), an institutional data transfer agreement can be established 
and data shared if the aims of data use are covered by ethical approv-
al and patient consent. The procedure will involve the request for an 
amendment to the ethical approval as well as review by legal depart-
ments at both institutions, and the process will typically take 1 to 2 
months from initial contact.

Regarding Norwegian data (the Norwegian SARS-CoV-2 study), 
institutional data privacy regulations prohibit deposition of individ-
ual level data to public repositories. Participant written consent also 
does not cover public sharing of data for use for unknown purposes. 
Upon contact with Tom H. Karlsen (t.h.karlsen@medisin.uio.no) or 
Johannes R. Hov (j.e.r.hov@medisin.uio.no), an institutional data 
transfer agreement can be established and data shared if the aims of 

we performed multivariable regressions in individuals with complete 
information as described above (n = 7983). We evaluated whether the 
rs10490770 risk allele improved the risk prediction discrimination 
for severe COVID-19 outcomes by calculating the AUC and the con-
tinuous net reclassification improvement (NRI) using pROC, version 
1.16.2 (https://cran.r-project.org/web/packages/pROC/index.html), 
and PredictABEL, version 1.2-4 R packages (https://cran.r-project.org/
web/packages/PredictABEL/index.html).

Metaanalyses. As secondary analyses, we metaanalyzed the 
results for non-European ancestries and 2 external cohorts for which 
we did not have access to individual-level data: FinnGen and Colum-
bia University COVID-19 Biobank (CUB). This resulted in a total 
study population of 15,064 individuals with COVID-19. Inverse- 
variance weighted metaanalyses were performed under a fixed effect 
and random effects model using the meta version 4.16-1 R package 
when the appropriate phenotypes were available and case counts, 
control counts, and the rs10490770 risk allele carrier counts were 
larger than 10 in each cohort.

Sensitivity analysis. Adjusting for participating studies may lead to 
reduced statistical power, given that some studies had only severe cas-
es or had disproportional case-control ratios. To alleviate the collin-
earity issue, we grouped some small studies to account for study vari-
ability. This may not fully account for between-study variability. Thus, 
we performed 2 sets of sensitivity analyses where we included (a) 
only 5 genetic PCs without including the study of origin as random or 
fixed effects and (b) all participating studies either as fixed or random 
effects. Next, we performed the same analyses using UKB to provide 
estimates that are more representative of the general population, since 
this is not a COVID-19–specific cohort. We also tried binning by differ-
ent cutoffs for age-stratified analyses. In order to understand whether 
results could have been influenced by related individuals within the 
samples, we selected 1 individual from a pair of relatives with PI-HAT 
(proportion of identity by descent calculated by PLINK; ref. 43) great-
er than 0.1875 (meaning between second and third-degree relatives) 
and repeated the main analyses.

Statistics. To test the association between rs10490770 and all phe-
notypes, we applied a dominant model by grouping participants into 
2 groups according to their genotypes at rs10490770. C is the allele 
associated with COVID-19 severity; those with TC genotype or CC 
genotype were labeled as carriers, and those with TT genotype were 
labeled as noncarriers. All analyses were based on mixed-effects mod-
els adjusted for age, sex, and the first 5 genetic PCs as fixed effects. 
Study groups were also included as random effects to account for 
study variability. Five study groups, mostly reflecting the country of 
origin of the study, were created by combining small participating 
studies with few cases and controls to reduce the risk of collinearity. 
We did not apply a multiple-testing correction, and a P value of less 
than 0.05 was considered significant, since all the outcomes tested 
were related to COVID-19 severity and not independent of each other.

Data and materials availability. All code for data management 
and analysis is archived online at https://github.com/tomoconaka/
COVID19-chr3 (commit 183ddb7) for review and reuse. The harmo-
nized individual-level data of some participating cohorts from Bel-
gium (BeLCovid_2), Brazil (BRACOVID), Italy (COVID19-Host(a)
ge_4, GEN-COVID), Spain (COVID19-Host(a)ge_1,2,3, INMUNGEN- 
CoV2, Determining the Molecular Pathways and Genetic Predispo-
sition of the Acute Inflammatory Process Caused by SARS-CoV-2 
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