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a b s t r a c t 

Objectives: Host genetic factors contribute to the variable severity of COVID-19. We examined genetic 

variants from genome-wide association studies and candidate gene association studies in a cohort of 

patients with COVID-19 and investigated the role of early SARS-CoV-2 strains in COVID-19 severity. 

Methods: This case-control study included 123 COVID-19 cases (hospitalized or ambulatory) and healthy 

controls from the state of Baden-Wuerttemberg, Germany. We genotyped 30 single nucleotide poly- 

morphisms, using a custom-designed panel. Cases were also compared with the 10 0 0 genomes project. 

Polygenic risk scores were constructed. SARS-CoV-2 genomes from 26 patients with COVID-19 were se- 

quenced and compared between ambulatory and hospitalized cases, and phylogeny was reconstructed. 

Results: Eight variants reached nominal significance and two were significantly associated with at least 

one of the phenotypes “susceptibility to infection”, “hospitalization”, or “severity”: rs73064425 in LZTFL1 

(hospitalization and severity, P < 0.001) and rs1024611 near CCL2 (susceptibility, including 10 0 0 genomes 

project, P = 0.001). The polygenic risk score could predict hospitalization. Most (23/26, 89%) of the SARS- 

CoV-2 genomes were classified as B.1 lineage. No associations of SARS-CoV-2 mutations or lineages with 

severity were observed. 

Conclusion: These host genetic markers provide insights into pathogenesis and enable risk classification. 

Variants which reached nominal significance should be included in larger studies. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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High variability in the clinical presentation of COVID-19 has 

onsistently been described ( World Health Organization, 2021 ). 

ost patients experience asymptomatic infection or mild dis- 

ase only, whereas 14% suffer from severe and 5% from crit- 
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cal disease ( Hu et al., 2021 ). The most common symptoms 

nclude fever, dry cough, and fatigue; ageusia, anosmia, and 

astrointestinal symptoms are also observed ( Hu et al., 2021 ; 

elavan and Meyer, 2020a ). Severe COVID-19 is characterized by 

espiratory failure, requiring mechanical ventilation or high-flow 

xygen ( Table 1 , WHO Working Group on the Clinical Character- 

sation and Management of COVID-19 infection, 2020 ). The in- 

ection fatality rate has been estimated at 0.36% in Germany 

 Streeck et al., 2020 ) and at 0.68% worldwide ( Meyerowitz- 

atz and Merone, 2020 ). A cytokine storm is common in severe 

nd critical COVID-19 ( Yokota et al., 2021 ), presenting with an 
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Table 1 

The WHO clinical progression score. 

Patient state Descriptor Score 

Uninfected Uninfected; no viral RNA detected 0 

Ambulatory: mild disease Asymptomatic; viral RNA detected 1 

Symptomatic; independent 2 

Symptomatic; assistance needed 3 

Hospitalized: moderate disease Hospitalized; no oxygen therapy 4 

Hospitalized; oxygen by mask or nasal prongs 5 

Hospitalized: severe disease Hospitalized; oxygen by NIV or high-flow 6 

Intubation and mechanical ventilation, pO 2 /FiO 2 ≥ 150 or 7 

SpO 2 /FiO 2 ≥ 200 

Mechanical ventilation pO 2 /FiO 2 < 150 (SpO 2 /FiO 2 < 200) or vasopressors 8 

Mechanical ventilation pO 2 /FiO 2 < 150 and vasopressors, dialysis, or ECMO 9 

Dead Dead 10 

NIV = noninvasive ventilation. ECMO = extracorporeal membrane oxygenation. pO 2 = partial pressure of oxygen. FiO 2 = frac- 

tion of inspired oxygen. SpO 2 = oxygen saturation. ECMO = extracorporeal membrane oxygenation. Patients hospitalized for 

isolation only are recorded as ambulatory patients. Adapted from WHO Working Group on the Clinical Characterisation and 

Management of COVID-19 infection (Lancet Infect dis. 2020 ). 
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ncrease in proinflammatory cytokines and inflammatory markers 

 Velavan and Meyer, 2020b ; Velavan et al., 2021a ) and causing co-

gulopathies, oxidative stress, organ damage, and, eventually, death 

 Fajgenbaum and June, 2020 ). Although older age, male sex, and 

oncomitant noncommunicable diseases increase the risk of severe 

OVID-19 courses ( Boutin et al., 2021 ; Phua et al., 2020 ), severe

isease may also occur in younger, healthy individuals, raising the 

uestion of what other factors might contribute to disease suscep- 

ibility and severity. Distinct ethnic backgrounds have also been 

ound to influence severity, even when controlling for socioeco- 

omic factors ( Gu et al., 2020 ; Mathur et al., 2021 ). Therefore, hu-

an genetic variants might partly determine the course of the dis- 

ase. 

To understand the role of host genetics on COVID-19 suscep- 

ibility, severity, and the requirement of hospitalization, genome- 

ide association studies (GWASs) as well as candidate gene stud- 

es have indicated several loci, which can be linked to COVID- 

9 pathogenesis ( Ovsyannikova et al., 2020 ; Velavan et al., 2021b ; 

ildirim et al., 2021 ). Robust studies were performed by the 

COVID-19 Host Genetics Initiative” ( COVID-19 Host Genetics Ini- 

iative, 2021 ), the “Genetics Of Mortality In Critical Care” ( Pairo- 

astineira et al., 2021 ), and the “COVID Human Genetic Ef- 

ort” ( Zhang et al., 2020a ) initiatives and by independent work- 

ng groups as well as commercial genomics service providers, 

uch as “23andMe” ( Shelton et al., 2021 ) and “AncestryDNA”

 Roberts et al., 2020 ). Meta-analyses of GWAS datasets have yielded 

igh-confidence loci, such as 3p21.31, which are associated with 

usceptibility to and severity of COVID-19, which are increasingly 

orroborated by mechanistic studies ( Velavan et al., 2021b ). 

GWAS results have enabled the construction of polygenic risk 

cores (PRSs) for COVID-19 ( Dite et al., 2021 ; Horowitz et al., 2021 ;

uang et al., 2022 ; Powell et al., 2021 ). A PRS estimates a trait or

isease risk on the basis of individual genetic profiles. Summing 

p the effect sizes of distinct variants can explain a larger portion 

f the individual risk ( Velavan et al., 2021b ). Identification of host 

enetic variants and risk scores, together with demographic and 

linical parameters, could allow to predict a patient’s course of dis- 

ase, choose treatment strategies, and support the design of drug 

andidates or repurposing of available medicines. 

In this case-control study, we described factors relevant in the 

arly phase of the pandemic in southern Germany. We aimed to 

eplicate GWAS and candidate gene variants previously found asso- 

iated with COVID-19, SARS, other respiratory infections, and pneu- 

onia using a custom-designed single nucleotide polymorphism 
2

428 
SNP) panel. Variants identified were used to develop a PRS and 

hylogeny of the viral genomes was assessed. 

ethods 

tudy population 

The study population included 123 COVID-19 cases and 94 

ealthy controls. The 123 patients came from the district of Tübin- 

en, Baden-Wuerttemberg, Germany. Of them, 76 were hospital- 

zed and 44 were ambulatory patients. For three patients, no in- 

ormation on hospitalization was available; these patients were in- 

luded only in susceptibility analyses. On the basis of the need 

or mechanical ventilation or the WHO severity score ( Table 1 ; 

HO Working Group on the Clinical Characterisation and Man- 

gement of COVID-19 infection, 2020 ), hospitalized patients were 

lassified as severe (WHO score ≥6 or mechanical ventilation) and 

 mild disease subset (WHO score 4-5 or no mechanical ventila- 

ion), providing subgroups of 19 and 57 patients, respectively. The 

ARS-CoV-2 PCR was performed in patients (March 23, 2020 to 

ay 20, 2020). Of the 94 healthy controls, 65 participants were 

rom Tübingen, Germany and were seronegative for SARS-CoV-2 at 

he time of sample collection (May 26, 2020 to March 16, 2021) 

 Becker et al., 2021 ). An additional 29 participants from Heidel- 

erg, Germany, were included, who had no history of SARS-CoV-2 

nfection. An additional susceptibility analysis was carried out us- 

ng the European cohort of the 10 0 0 genomes project (1kGP) as 

ontrol data ( Fig. 1 ). 

rioritization of SNPs 

To prioritize distinct SNP variants, a PubMed and LitCovid 

earch was conducted until Januray 13, 2021 (Supplementary 

ethods, Supplementary table 1, Fig. 1 ). 

NA isolation and genotyping 

DNA was isolated from blood (QIAamp Blood DNA Mini Kit or 

lexiGene DNA Kit; Qiagen, Hilden, Germany). Quantity and qual- 

ty of DNA were assessed (Nanodrop 

TM and Qubit TM 4 fluorometer; 

hermo Fisher Scientific, Darmstadt, Germany) and the DNA con- 

entration was verified by double measurement. Genotyping was 

erformed with TaqMan® SNP Genotyping Assays ( Pallerla et al., 

021 ) using 5 ng of genomic DNA per assay. Data were loaded into 
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Literature search
• PubMed, LitCovid, reviews 

(until 13.01.2021)

Inclusion
• Case control studies
• Metanalysis of case control 

studies
• In vitro characterization 

studies

Exclusion
• Duplicates / LD (R2 > 0.94)   

(n = 7)
• Discordance between studies 

(n = 3)
• p-value insignificant (n = 19)
• MAF < 0.04 in EUR (n = 22)
• In/Del variants (n = 1)

82 candidate 
SNPs

Selection of 30 SNPs 
associated with
• COVID-19 (n = 17)
• SARS (n = 11)
• Pneumonia / viral infection

(n = 2)

65 Articles reporting genetic
association with
• COVID-19 (n = 34)
• SARS (n = 29)
• Pneumonia / viral infection

(n = 2)

Controls (n = 95)

Seronegative 
volunteers 
(n = 66)

Vaccinees with no 
history of SARS-
CoV-2 infection (n = 
29)

RT-PCR-confirmed COVID-19 cases 
(n = 123)

Hospitalized (n = 76)

Severe 
(n = 19)

Moderate 
(n = 57)

Ambulatory 
(n =44 )

Unknown 
(n = 3)

DNA extraction 
from blood

DNA extraction 
failure (n = 1 control)

Genotyping of 30 markers in 
217 individuals

Pass HWE (n = 30)

Comparison of allele frequencies
Cases 
vs. 
1kGP

Cases 
vs. 
controls

Hospitalized 
vs. 
ambulatory

Severe 
vs. 
moderate

Fig. 1. Flowchart illustrating the study design. 

SNP = single nucleotide polymorphism. LD = linkage disequilibrium. MAF = minor allele frequency. In/Del = Insertion/Deletion. HWE = Hardy-Weinberg equilibrium. 

1kGP = 10 0 0 genomes project. 
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he TaqMan® Genotyper Software v1.5.0 (Thermo Fisher Scientific) 

o retrieve genotyping calls automatically. 

ARS-CoV-2 screening, sequencing; phylogenetic analysis 

RNA was extracted from oro-/nasopharyngeal swabs (QIAamp 

iral RNA Mini Kit; Qiagen, Hilden, Germany) and SARS-CoV-2 in- 

ection was screened by reverse transcription–PCR ( Ntoumi et al., 

021 ). All positive samples with Ct values < 30 were subjected to 

ext-generation sequencing using Illumina and Oxford Nanopore 

equencing platforms, as described previously ( Ntoumi et al., 

021 ). All genomes were deposited in GISAID ( https://www. 

isaid.org/ ; Supplementary table 2). The Nextclade tool ( https:// 

lades.nextstrain.org ) was used to identify nucleotide, and amino 

cid substitutions and lineages were obtained using the Pan- 

olin online tool ( https://cov-lineages.org/resources/pangolin.html ) 

 Rambaut et al., 2020 ). 

The maximum likelihood phylogenetic tree was reconstructed 

sing 26 SARS-CoV-2 genomes from this study by applying 10 0 0 

ootstrapping iterations using MEGA X ( Kumar et al., 2018 ). From 

he same period, SARS-CoV-2 genomes from the federal state 

f Baden-Wuerttemberg, Germany (seven sequences representa- 

ive per week for the region or all sequences if less than seven 

n a week, n = 69) and from Germany and neighboring Euro- 

ean countries from the “nextregions” dataset (n = 67) retrieved 

rom GISAID were included, as was the Wuhan reference sequence 

NC_045512.2). The tree was displayed with the Interactive Tree of 

ife tool ( Letunic and Bork, 2019 ). 
429 
tatistical analysis 

Statistical analyses were performed in R (version 4.0.5, Supple- 

entary methods). For the construction of a PRS, data were split 

nto a training and a testing set (70:30 ratio). Four exploratory 

ersions of the PRS were calculated for susceptibility and hospi- 

alization phenotypes, using the P -value of the association in the 

og-additive model as selection criterion for SNPs to include in the 

core (see Supplementary methods). 

esults 

A total of 123 cases and 94 healthy controls were included 

or genotyping ( Table 2 ). The mean age and the proportion of 

en were higher in patients than in controls. The sex distribu- 

ion was similar between controls and ambulatory patients. Age 

as higher in hospitalized than in ambulatory patients . All SNPs 

assed Hardy-Weinberg equilibrium ( P > 0.05, Supplementary table 

) and were included in the analyses. First, we looked at the phe- 

otypes “susceptibility to SARS-CoV-2 infection”, “hospitalization”, 

nd “severity of COVID-19”. 

In these comparisons of patients with healthy controls, asso- 

iations of two variants could be confirmed after Bonferroni cor- 

ection. rs73064425 in the LZTFL1 gene reached significance in the 

ospitalization analysis and when comparing ambulatory and se- 

ere hospitalized patients. It was also nominally associated with 

usceptibility and severity ( Table 3 , Fig. 2 ). The T allele was a

isk allele for hospitalization and severity. For susceptibility to in- 

https://www.gisaid.org/
https://clades.nextstrain.org
https://cov-lineages.org/resources/pangolin.html
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Table 2 

Demographic characteristics of the patients with COVID-19 and controls. 

Patients with COVID-19 (n = 123) 

Ambulatory (n = 44) Moderate (n = 57) Severe (n = 19) All (n = 123) Controls (n = 94) All (n = 217) 

Sex 

Female (%) 27 (61%) 25 (44%) 7 (37%) 59 (48%) 60 (64%) 119 (55%) 

Male (%) 17 (39%) 30 (53%) 12 (63%) 62 (50%) 34 (36%) 96 (44%) 

Missing (%) NA 2 (3%) NA 2 (2%) NA 2 (1%) 

Age 

Mean (SD) 47 (14) 65 (14) 69 (17) 59 (17) 33 (12) 47 (20) 

Median [Min-Max] 48 [18 - 71] 65 [28 - 91] 76 [32 - 88] 59 [18 - 91] 29 [17 - 67] 45 [17 - 91] 

SARS-CoV-2 genome sequenced (%) 3 (7%) 16 ∗ (28%) 7 ∗ (35%) 26 (21%) NA NA 

SD = standard deviation. ∗ Including one patient who was not SNP-genotyped because no blood sample was available 

Fig. 2. Loci associated with susceptibility, hospitalization, severity 

Forest plot showing the odds ratios with 95% confidence intervals of SNPs which reached nominal significance ( P < 0.05) in any comparison and any genetic model. The 

case-control, ambulatory-hospitalized, moderate-severe and ambulatory-severe analyses were adjusted for age and sex. For the susceptibility analysis including the 10 0 0 

genomes project (1kGP), the association results of the allelic model are displayed, the codominant model is not shown. Amb. = Ambulatory. Hosp. = Hospitalized. 
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(  
ection, the overdominant model of inheritance was significant, 

ndicating C/T as risk genotype. However, the dominant model 

lso reached nominal significance, where the T allele was associ- 

ted with a greater risk for SARS-CoV-2 infection (OR = 2.19, 95% 

I = 1.08-4.46, P = 0.026). 

The second variant reaching significance after correction was 

s1024611 G, near the CCL2 gene (OR = 0.56, 95% CI = 0.39-0.78], 

 = 0.001). This variant was associated with reduced susceptibility 

n the codominant and allelic model in the analysis, including the 

uropean 1kGP cohort ( Table 3 , Fig. 2 ). 

The results of all four comparisons (susceptibility, hospitaliza- 

ion, severity, susceptibility using 1kGP) can be found in Supple- 

entary Tables 9 – 13. 

usceptibility to SARS-CoV-2 infection 

Two more SNPs reached P < 0.05 for nominal significance in 

he susceptibility analysis: rs4702 ( FURIN ) and rs429358 ( APOE ) 

 Table 3 , Fig. 2 ). The rs429358 C/C genotype along with rs7412 C/C,

onstituting the APOE e4e4 genotype were only identified in four 

ontrols. This suggests a protective effect of the APOE e4e4 C/C 

enotype. For rs73064425 in the LZTFL1 gene, the overdominant 
430 
odel of inheritance was most significant, suggesting C/T as risk 

enotype. The dominant model also reached significance, where 

he T allele was associated with a greater risk of SARS-CoV-2 in- 

ection (OR = 2.19, 95% CI = 1.08-4.46, P = 0.026). 

ospitalization 

rs7412 ( APOE ) and rs3131294 ( NOTCH4 ) showed nominally sig- 

ificant associations with hospitalization ( Table 3 , Fig. 2 ). For 

s7412 in the APOE gene, the T allele was associated with severity 

n the log-additive model. To further investigate the influence of 

he APOE genotype, consisting of rs429358 C and rs7412 C, it was 

ncluded in a logistic regression model (age- and sex-adjusted). The 

POE e4e4 or e3e4 genotypes were not associated with infection or 

ospitalization. 

evere COVID-19 

Patients with moderate and severe COVID-19 were compared in 

 severity analysis. Five SNPs reached nominal significance in the 

djusted analysis: rs73064425 ( LZTFL1 ), rs7412 ( APOE ), rs657152 

 ABO ), rs1800795 ( IL6 ), and rs2109069 ( DPP9 ) ( Table 3 , Fig. 2 ). For
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Table 3 

Association of human genetic variants with susceptibility to COVID-19 and phenotype severity. 

Gene SNP ID Susceptibility Susceptibility (1kGP) Hospitalization Severity Ambulatory vs. severe disease 

Genetic 

model 

OR adj 

(95% CI) 

p adj Genetic 

model 

OR 

(95% CI) 

p Genetic 

model 

OR adj 

(95% CI) 

p adj Genetic model OR adj 

(95% CI) 

p adj Genetic 

model 

OR adj 

(95% CI) 

p adj 

LZTFL1 rs73064425 C/T Overdominant 

(CT) 

3.24 

(1.16 - 8.99) 

0.020 Allelic (T) 1.92 (1.20 - 

3.07) 

0.006 Log- 

additive 

(T) 

7.75 (2.1 - 

28.55) 

0.0004 Log-additive 

(T) 

5.78 

(1.66 -20.14) 

0.003 Log- 

additive 

(T) 

78.36 (4.16 

– Inf) 2.26 × 10 −5 

CCL2 rs1024611 A/G Allelic (G) 0.56 (0.39 - 

0.78) 

0.001 

APOE rs7412 C/T Allelic (T) 4 (1.3 - 12.33) 0.006 Log-additive 

(T) 

3.16 

(1.1 - 9.04) 

0.030 

APOE rs429358 C/T Recessive 

(CC) 

1 (1-1) 0.042 

ABO rs657152 A/C Recessive (AA) 1 (1-1) 0.020 

FURIN rs4702 A/G Dominant 

(AG – GG) 

0.43 

(0.19 - 0.95) 

0.036 Allelic (G) 0.74 (0.56 - 

0.99) 

0.042 Recessive 

(GG) 

9.10 (1.25 - 

66.18) 

0.022 

NOTCH4 rs3131294 A/G Log- 

additive 

(A) 

3.6 (1.14 - 

11.4) 

0.016 Log- 

additive 

(A) 

5.23 (0.97 - 

28.16) 

0.034 

DPP9 rs2109069 G/A Log-additive 

(A) 

2.61 

(1.07 - 6.37) 

0.030 

IL6 rs1800795 C/G Overdominant 

(CG) 

0.34 

(0.11 - 1.01) 

0.049 

OAS1 rs1131454 A/G Codominant 

(AG / GG) 

AG: 0.57 (0.36 

- 0.89)GG: 

0.89 (0.52 - 

1.52) 

0.035 

OR = odds ratio. 95% CI = 95% confidence interval. adj = P -value, OR and 95% CI after adjustment for age and sex in the logistic regression model. P -values which remained significant after Bonferroni correction are indicated 

in bold. 1kGP = 10 0 0 genomes project. LZTFL1 = leucine zipper transcription factor like 1. APOE = Apoprotein E. ABO = ABO blood group (Alpha 1-3-N-Acetylgalactosaminyltransferase and Alpha 1-3-Galactosyltransferase). 

FURIN = Furin (Paired Basic Amino Acid Cleaving Enzyme). NOTCH4 = Notch Receptor 4. CCL2 = C-C Motif Chemokine Ligand 2. DPP9 = Dipeptidyl-Peptidase 9. IL6 = Interleukin-6. OAS1 = 2 ′ -5 ′ -Oligoadenylate Synthetase 1. 
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BO rs657152, the recessive model fitted best, but no odds ratio 

ould be calculated because the A/A genotype was not observed 

mong patients with severe COVID-19. However, relative protection 

f the A/A genotype may be assumed because it occurred in 16% of 

atients with moderate disease. 

In a second severity analysis comparing ambulatory with hos- 

italized patients with severe disease, two SNPs reached nominal 

ignificance in the adjusted analysis, rs4702 ( FURIN ) and rs3131294 

 NOTCH4 ) ( Table 3 , Fig. 2 ). 

usceptibility analysis using data from the 10 0 0 genomes project 

To increase the sample size for the susceptibility analysis, al- 

ele and genotype counts were compared between COVID-19 cases 

nd data retrieved from the 1kGP for European ancestry ( Table 3 , 

ig. 2 ). Apart from the highly significant CCL2 variant , four more 

ominal associations were observed. In the comparison of geno- 

ype counts (codominant model), a new association was found for 

s1131454 in the OAS1 gene. A/G and G/G genotypes were less fre- 

uent among patients. For the LZTFL1, APOE, and FURIN variants, 

he results replicated the findings indicated previously. 

olygenic risk score 

To capture the summed genetic effects of individual variants, 

ifferent PRS models were developed in a training and a testing 

ataset. For the susceptibility analysis in the training set (86 cases, 

6 controls; Analysis A, Supplementary table 4), all PRS versions 

ucceeded in predicting a patient’s case-control status in a logis- 

ic regression model, with an area under the ROC (AUC) ranging 

rom 0.73 (PRS 1a, including SNPs reaching P < 0.5 in the associa- 

ion analysis) to 0.59 (PRS 4a, including SNPs with P < 0.05; Sup- 

lementary Fig. 1). In the full model, including age and sex, no PRS 

ersion was a significant predictor of the case-control status in the 

raining set. In the testing data set (37 cases, 28 controls), no PRS 

ersion was a predictor of susceptibility, which did not change af- 

er adjustment for age and sex. The AUC ranged between 0.56 (PRS 

a, including SNPs with P < 0.5) and 0.47 (PRS 3a, including SNPs 

ith P < 0.1). PRS 1a performed best in the testing set ( b = 0.169,

 = 0.556, AUC = 0.561, without adjustment, Fig. 3 ). 

In the hospitalization analysis (Analysis B, Supplementary table 

), each PRS version could predict hospitalization and remained 

ignificant after adjustment for age and sex in the training set (51 

ospitalized, 31 ambulatory patients). AUCs of the models contain- 

ng only PRS ranged from 0.658 (PRS 4b, including SNPs with P 

 0.05) to 0.824 (PRS 1b, including SNPs with P < 0.5, Supplemen- 

ary Fig. 2). In the testing set (24 hospitalized, 13 ambulatory pa- 

ients), only PRS 3b (including SNPs with P < 0.1) reached signif- 

cance after age- and sex-adjustment ( b = 1.542, P = 0.048). The 

UC of PRS 3b was 0.595 ( Fig. 3 ), whereas the full model con-

aining PRS 3b, age, and sex had the best discriminatory ability of 

ll models with an AUC of 0.9439 (McFadden pseudo- R 2 = 0.57, 

 = 5 × 10 −6 , Fig. 3 ). 

ARS-CoV-2 variants and phylogenetic analysis 

Most sequences were classified as B.1 lineage by the Pan- 

olin software (23/26, 89%). A median of nine nucleotide ex- 

hanges (range zero to 12) and six amino acid substitutions (range 

ero to nine) per sequence was observed. A total of 43 differ- 

nt amino acid substitutions were present in the 26 samples 

Supplementary table 6, Supplementary Fig. 3). A total of 25 of 

6 sequences carried the spike protein D614G mutation and the 

RF1b P314L substitution. The number of total and missense mu- 

ations per sequence did not differ between ambulatory and hos- 

italized patients. Neither lineages nor amino acid substitutions 
432 
ere associated with hospitalization. However, as SARS-CoV-2 se- 

uences were available only for three ambulatory patients, the 

nalysis was underpowered. Phylogenetic analysis showed that 17 

equences formed a distinct cluster with sequences from Baden- 

uerttemberg, Germany ( Fig. 4 ). Two-thirds of the reference se- 

uences from Baden-Wuerttemberg clustering with the genomes of 

his study also originated from Tübingen. 

iscussion 

Of the 30 genetic markers in our SNP panel, 10 were associated 

ith at least one of the phenotypes “susceptibility to infection”, 

hospitalization”, or “disease severity” after adjustment for age and 

ex; although for four single nucleotide polymorphisms, the direc- 

ion of the effect was inconsistent with the original report in at 

east one comparison. 

The strongest Bonferroni-corrigible association was found for 

s73064425 in the LZTFL1 gene, where the T allele was consis- 

ently identified as a risk factor for severe COVID-19 and increased 

usceptibility to the infection. This 3p21.31 variant was described 

s a risk variant in all GWASs of severe COVID-19 ( Velavan et al .,

021b ). Meta-analyses performed by the HGI found two distinct 

ignals at this locus, one associated with susceptibility (rs2271616), 

he other with severity (rs10490770) ( COVID-19 Host Genetics Ini- 

iative, 2021 ). The LZTFL1 variant rs73064425 is in LD, with the 

everity lead variant rs10490770 ( r 2 = 0.99), which aligns with 

he stronger association with severity than susceptibility in our 

ohort. Similar findings were recently reported in a Latvian study 

 Rescenko et al., 2021 ). A large analysis using HGI data could also 

how that the LZTFL1 risk variant had a similar or higher associ- 

tion with severe disease and death from COVID-19 than estab- 

ished clinical risk factors, especially in patients aged under 60 

ears ( Nakanishi et al., 2021 ). 

Uncertainties remain regarding the causal gene(s) at the 

p21.31 locus. Recently, a study combined multiomics and machine 

earning and determined rs17713054G > A in LZTFL1, which is also 

n linkage disequilibrium with our rs73064425 (r 2 = 0.99), as the 

robable causative variant for the severity locus. This variant as- 

ociates with upregulation of LZTFL1 and epithelial-mesenchymal 

ransition in pulmonary epithelial cells, which is an antiviral re- 

ponse pathway and might be a mechanism behind the increased 

isk of severe COVID-19 in patients with the 3p21.31 variant 

 Downes et al., 2021 ). 

The other marker reaching significance after Bonferroni cor- 

ection was rs1024611, a susceptibility marker localized upstream 

f CCL2 (C-C Motif Chemokine Ligand 2, monocyte chemoattrac- 

ant protein-1), a chemokine regulating tissue infiltration of mono- 

ytes, memory T-cells, and natural killer cells ( Deshmane et al., 

009 ). Although the rs1024611 G allele was previously defined as 

 risk-increasing variant for SARS, our analysis indicates an op- 

osite effect for COVID-19; the G allele and the G/G genotype 

howed a protective effect. The G allele confers increased CCL2 

roduction in vitro and in vivo and enhanced leukocyte migra- 

ion ( Tu et al., 2015 ). It was also shown that SARS-CoV-2 induces 

CL2 expression in the host ( Chu et al., 2020 ), and other CCL iso-

orms characterize a proinflammatory macrophage subpopulation 

 Paludan and Mogensen, 2022 ) and promote inflammatory heart 

njury ( Zhang et al., 2022 ). However, we did not observe enrich- 

ent of the high-producing rs1024611 G allele in severe cases. 

hether CCL2 might play a different and protective role in early 

ntiviral defense, thereby reducing susceptibility to SARS-CoV-2 in- 

ection requires further research. 

Among nominally significant associations in this study, the 

irections of effects were consistent with original reports for 

s2109069 ( DPP9 ) ( Pairo-Castineira et al., 2021 ) and rs1131454 

 OAS1 ) ( Banday et al., 2021 ). For rs4702 ( FURIN ), the A/G + G/G
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Fig. 3. Receiver-operator curves (ROC) for the best-performing versions of the susceptibility and hospitalization PRS. 

Area under the ROC (AUC) are shown for logistic regression models including age, sex, and PRS, as well as models with only one of the predictors in the testing dataset. A) 

Performance of susceptibility PRS including SNPs associated with SARS-CoV-2 infection at P < 0.5 (PRS1a) in testing dataset of 37 cases and 28 controls. B) Performance of 

severity PRS including SNPs associated with hospitalization at P < 0.1 (PRS3b) in testing dataset of 24 hospitalized and 13 ambulatory cases. 
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enotype was associated with susceptibility, which was concordant 

ith the original report, where this genotype was shown to re- 

uce FURIN expression and decrease SARS-CoV-2 infection of alve- 

lar and neural organoids in vitro ( Dobrindt et al., 2021 ). However, 

n the ambulatory versus severe disease comparison, GG was as- 

ociated with risk for severe disease. Notably, the genotype-tissue 

xpression database (GTEx Consortium, 2015 ) lists rs4702 GG both 

s an expression-increasing (e.g., in whole blood or lung) and an 

xpression-decreasing (e.g., in the frontal cortex or tibial artery) 

QTL. A study linked increased soluble furin to severity of COVID- 

9 ( Kocyigit et al., 2021 ). Therefore, the relevance of changed FURIN 

xpression in various tissues during infection and in severe disease 

equires further clarification. As previously reported ( Kuo et al., 

020 ), the APOE e4e4 genotype was not associated with sever- 

ty in our study. This may be because the e4e4 genotype was 

bserved only in four individuals, all belonging to the controls. 

herefore, the genotype could not be examined in patients with 

OVID-19. Furthermore, the direction of effect was inconsistent 

or the rs3131294 ( NOTCH4 ) variant ( Pairo-Castineira et al., 2021 ). 

s3131294 lies in the HLA region on chromosome 6 and acts as 

n eQTL of several MHC II genes, with over 400 reports in the 

enotype-tissue expression database. Given the highly diverse ef- 

ects of the rs3131294 polymorphisms on MHC II genes and poten- 

ial links to immune-mediated diseases, detailed analyses of this 

ocus should follow. Lastly, for rs657152 ( ABO ) ( COVID-19 Host Ge- 

etics Initiative, 2021 , Severe COVID-19 GWAS Group et al., 2020 ; 

helton et al., 2021 ) and rs1800795 ( IL6 ) ( Ulhaq and Soraya, 2020 ),

n effect allele could not be determined because the overdominant 

odel was most significant. Therefore, they cannot easily be com- 

ared with original studies. 

We constructed PRSs to predict susceptibility to SARS-CoV- 

 infection and hospitalization due to COVID-19 from our panel 

NPs. The summed effect of several variants with primary low- 

onfidence associations can improve a predictive model containing 

nly age and sex because the hospitalization PRS reached signif- 

cance in the full model. Regarding discrimination between cases 
433 
nd controls or hospitalized and ambulatory patients, the AUCs of 

he best-performing PRSs were similar to that of the variable sex, 

hereas age was the most meaningful predictor, suggesting a sim- 

lar impact of sex and genetic background in our cohort. Interest- 

ngly, for susceptibility, the PRS model with the highest P -value 

hreshold for inclusion of SNPs into the score, which was P < 0.5, 

as best suited to predict infection risk; however, for hospitaliza- 

ion, the PRS model with a threshold of P < 0.1 outperformed the 

ther PRSs. This highlights the benefit of including variants into 

redictive models which otherwise would be excluded in stringent 

requentist analyses. However, our sample sizes were small and the 

RS should be evaluated further in larger cohorts. For this purpose, 

e provided effect sizes for all SNPs included in the panel, derived 

rom association analysis in the whole cohort in Supplementary 

ables 7 and 8. Developing a PRS with acceptable discriminatory 

apacity to identify individuals at risk for severe disease could aid 

herapeutic decisions, especially as more therapies are developed, 

hich are administered during early infection to prevent progres- 

ion to severe stages. These could be given to patients with genetic 

nd clinical risk factors. For the implementation of a PRS in clini- 

al practice, it is favorable if such scores consist only of a limited 

umber of SNPs to reduce genotyping costs and efforts. 

In addition to host genetics, we also investigated SARS-CoV-2 

enetics. Most SARS-CoV-2 genomes belonged to the B.1 lineage, 

haracterized by the ORF1b P314L and spike protein D614G mu- 

ations. SARS-CoV-2 isolates carrying D614G became dominant in 

urope from February to March 2020 and were reported to have 

ncreased fitness but not increased disease severity ( Korber et al., 

020 ; Volz et al., 2021 ). In this study, no lineages or individ-

al mutations were associated with disease severity, concordant 

ith studies from the United States and China ( Esper et al., 2021 ;

hang et al., 2020b ). The phylogenetic analysis of the genomes sug- 

ests local community transmission. However, the high similarity 

f viral genomes in our study complicates the construction of a 

igh-confidence phylogenetic tree ( Morel et al., 2021 ), as reflected 

y low bootstrapping values in our tree. 
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Fig. 4. Maximum likelihood phylogenetic tree of SARS-CoV-2. 

The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. Pat = patient-derived sequences (n = 26). BW = Baden-Wuerttemberg, 

Germany (n = 69). EUR = Germany and it’s neighboring countries (n = 67). Wuhan-1: reference root sequence. 10 0 0 bootstrapping iterations were used. Branches with 

bootstrapping values above 50% are colored. 
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This study has limitations. First, our cohort size was too small 

o detect small effects of common genetic variants, although we 

ncluded variants with a higher a priori probability of association. 

econd, due to different sampling strategies for cases and con- 

rols, the age and sex distribution differed between groups, al- 

hough women and men are affected by SARS-CoV-2 infection al- 

ost equally ( Ortolan et al., 2020 ). This might reflect a selection 

ias. Third, we did not include uninfected controls with known 

ARS-CoV-2 exposure history. To balance this effect, controls were 

nrolled from the same federal state as cases, suggesting compara- 

le exposure. Furthermore, population-reflecting controls from the 

kGP were included. Fourth, individuals included in our study all 

eside in Germany and are predominantly of European ancestry, 

ontributing to the unequal representation of people of other de- 

cent. Fifth, our analysis of SARS-CoV-2 variants remains descrip- 

ive and association testing remain exploratory owing to the lim- 

ted availability of viral samples. 

onclusion 

We have replicated several genetic markers, including the 

p21.31 locus, reported for susceptibility to SARS-CoV-2 infection 
434 
nd COVID-19 severity. Furthermore, we have calculated a PRS, 

hich may be used to predict the hospitalization risk. Because of 

he design of our candidate gene panel, additional genetic data 

ave been made available. Therefore, new variants need to be in- 

orporated, and the panel’s utility for predicting disease should be 

alidated and refined in independent cohorts of diverse ethnici- 

ies. A credible set of host genetic markers, combined with demo- 

raphic factors and medical history, could enable risk stratification 

nd targeted protective measures for those at highest risk for se- 

ere COVID-19. 
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