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Abstract
Background  Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), was varied in disease symptoms. We aim to explore the effect of host genetic factors and comorbidities on severe 
COVID-19 risk.
Methods  A total of 20,320 COVID-19 patients in the UK Biobank cohort were included. Genome-wide association analy-
sis (GWAS) was used to identify host genetic factors in the progression of COVID-19 and a polygenic risk score (PRS) 
consisted of 86 SNPs was constructed to summarize genetic susceptibility. Colocalization analysis and Logistic regression 
model were used to assess the association of host genetic factors and comorbidities with COVID-19 severity. All cases were 
randomly split into training and validation set (1:1). Four algorithms were used to develop predictive models and predict 
COVID-19 severity. Demographic characteristics, comorbidities and PRS were included in the model to predict the risk of 
severe COVID-19. The area under the receiver operating characteristic curve (AUROC) was applied to assess the models’ 
performance.
Results  We detected an association with rs73064425 at locus 3p21.31 reached the genome-wide level in GWAS (odds ratio: 
1.55, 95% confidence interval: 1.36–1.78). Colocalization analysis found that two genes (SLC6A20 and LZTFL1) may affect 
the progression of COVID-19. In the predictive model, logistic regression models were selected due to simplicity and high 
performance. Predictive model consisting of demographic characteristics, comorbidities and genetic factors could precisely 
predict the patient’s progression (AUROC = 82.1%, 95% CI 80.6–83.7%). Nearly 20% of severe COVID-19 events could be 
attributed to genetic risk.
Conclusion  In this study, we identified two 3p21.31 genes as genetic susceptibility loci in patients with severe COVID-19. 
The predictive model includes demographic characteristics, comorbidities and genetic factors is useful to identify individuals 
who are predisposed to develop subsequent critical conditions among COVID-19 patients.
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LD	� Linkage disequilibrium
OR	� Odds ratio
PRS	� Polygenic risk score
SARS-CoV-2	� Severe acute respiratory syndrome corona-

virus 2

1  Introduction

Coronavirus disease 2019 (COVID-19), caused by the novel 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has infected over 630 million people and resulted in 
6 million deaths as of 11 November 2022 [1]. Epidemiologi-
cal data and clinical records have shown high heterogeneity 
of COVID-19, with a wide spectrum of clinical symptoms 
varying from asymptomatic, mild to moderate, severe, and 
critical conditions [2, 3]. Although only a small proportion 
of cases with critical conditions (5%) [4], they will contrib-
ute to a considerable number of individuals at high risk of 
death due to the large number of infections in total. Mortal-
ity is primarily attributed to patients with severe and criti-
cal conditions, such as severe respiratory failure associated 
with interstitial pneumonia and acute respiratory distress 
syndrome [5]. Patients with severe COVID-19-related res-
piratory failure usually require prolonged mechanical ven-
tilatory support [6].

Although the pathogenesis of severe COVID-19 and 
related respiratory failure is unclear, previous studies have 
reported many key factors associated with COVID-19 sever-
ity, including demographic characteristics such as age, gen-
der, BMI, and socioeconomic status, and comorbidities 
such as chronic kidney disease, chronic lung disease, car-
diovascular disease, diabetes, and cancer [7–11]. Addition-
ally, a series of genome-wide association studies (GWASs) 
have demonstrated the crucial role of host genetic factors 
in modulating the risk of infection and disease severity [8, 
12–14], especially single nucleotide polymorphisms (SNPs) 
on immune-related genes, such as TLR7, IFNAR2, and 
IL10RB [15, 16]. These SNPs provided quantitative meas-
ures of genetic susceptibilities and contribute to population 
stratification. Based on the results of GWAS, polygenic risk 
scores (PRSs) could be calculated and applied to help iden-
tify individuals at high risk of specific diseases as the highly 
polygenic of genetic architecture [17].

However, there are limited studies considering the joint 
effect of genetic and non-genetic factors in predicting the 
severity of COVID-19. And most severe COVID-19-re-
lated GWASs used uninfected populations as control [14, 
16, 18, 19], which could not reflect the difference between 
severe and non-severe patients among those with infection. 
Therefore, in this study we sought to evaluate host genetic 
factors focusing on severe COVID-19, to explore the asso-
ciation of comorbidities and COVID-19 severity, and to 

predict individual predisposition for adverse prognosis after 
infection.

2 � Methods

2.1 � Study Population

We include individuals with COVID-19 based on UK 
Biobank (UKB) study, a large prospective cohort study 
involving over 0.5 million participants aged 40 to 69 
between 2006 and 2010 with comprehensive phenotyping 
and genomic data. Details of the design and method of UKB 
have been described previously [20]. The flowchart of the 
selection of study samples was shown in Fig. 1. Briefly, we 
involve all COVID-19 cases that passed the GWAS quality 
control procedure with Caucasian ethnic backgrounds.

2.2 � Definition of Outcome

COVID-19 cases were identified according to qPCR testing 
or the International Classification of Diseases, Tenth Revi-
sion (ICD-10) for COVID-19-related diagnoses. We defined 
individuals who met any of the following criteria as COVID-
19 cases [14]: (1) a positive qPCR for SARS-CoV-2; (2) 
COVID-19-related inpatient diagnosis (ICD-10: U071, U072 
and U073 in variable ‘diag_icd10’ in table ‘hesin_diag’); (3) 
COVID-19 related death (ICD-10: U071, U072 and U073 in 
variable ‘cause_icd10’ in table ‘death_cause’). Based on the 
above criteria, severe cases need to fulfill additional criteria: 
(1) respiratory support in the hospital (ICD-10: Z998); (2) 
respiratory support during operation (ICD-10: E85, E87, 
E89, X56, and X58); (3) COVID-19 related death (ICD-10: 
U071, U072 and U073).

2.3 � Demographic Characteristics and Comorbidities

We evaluated participants’ demographic characteristics 
and comorbidities. Considering the influence of eco-
nomic status on health care and the severity of COVID-
19, average annual household income assessed at recruit-
ment was involved as a covariate and categorized into five 
groups: < £18,000, £18,000–30,999, £31,000–51,999, 
£52,000–100,000 and > £100,000. We introduced the 
Charlson Comorbidity Index (CCI) to account for indi-
viduals’ comorbidities before COVID-19 onset [21, 22]. 
Chronic diseases in cerebrovascular, cardiac, pulmonary, 
hepatic and renal, as well as diseases affecting systemic 
function such as diabetes, paraplegia, dementia, malig-
nancy and AIDS were included in CCI. Details about 
components of CCI were shown in supplement Table S1. 
The conditions in CCI were confirmed ICD-10 in the 
UK Biobank inpatient hospital data. All conditions were 
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diagnosed before Jan 1, 2020, when COVID-19 began. The 
distribution of CCI for each participant was shown in Fig 
S1. We defined individuals with no more than one mild 
comorbidity (CCI score ≤ 1) as the low CCI group, and 
participants with a CCI score > 1 as the high CCI group, 
which indicates the individual had at least one severe 
comorbidity. Other characteristics such as age, gender and 
BMI were assessed at recruitment as described in previ-
ous studies [20]. Individuals with missing values in age or 
gender were excluded from our analysis. Missing values in 

other covariates (proportions range from 2.5 to 11%) were 
imputed with median value.

2.4 � Genetic Association Analyses for Severe 
COVID‑19

Genotyping data in the UK Biobank were derived from the 
GWAS chip (Affymetrix UK BiLEVE and UK Biobank 
Axiom arrays) using blood samples collected at baseline for 
each participant. These genotyping data were imputed using 

Fig. 1   The flowchart for the selection of study participants from the UK Biobank cohort



282	 Journal of Epidemiology and Global Health (2023) 13:279–291

1 3

reference panels of the Haplotype Reference Consortium, or 
UK10K, and 1000 Genomes Project phase 3 [23]. We then 
applied filters to achieve high-quality variants with (1) INFO 
score (information metric)  ≥ 0.5; (2) call rate  ≥ 99%; (3) 
minor allele frequency (MAF)  ≥ 1%; (4) Hardy–Weinberg 
equilibrium (HWE) ≥ 1 × 10–6. We further excluded variants 
in the MHC region (chr6 25-35 Mb) due to extensive link-
age disequilibrium (LD). The final set of data contained a 
total number of 8,378,356 variants. Firth logistic regression 
test was implemented in PLINK (version 1.9) to test the 
association of single nucleotide polymorphisms (SNPs) and 
phenotype [24, 25]. Age, gender, genotyping array and first 
10 principal components (PCs) were adjusted for population 
heterogeneity in the multi-variable regressions. We addition-
ally performed a GWAS in participants low CCI group, each 
severe COVID-19 patient was matched with four non-severe 
COVID-19 control by gender and age, that’s 3,860 partici-
pants in total (772 cases and 3,088 controls).

Independent significant SNPs were extracted when 
their P-values reach genome-wide significant threshold 
(P ≤ 5.0 × 10–8) and in low LD (r2 < 0.4) with other SNPs 
within a 500-Kb window. Lead SNPs were identified as a 
subset of the independent significant SNPs with the lowest 
P-values and were in LD with each other at r2 < 0.1 within 
a 1-Mb window.

2.5 � Colocalization of cis‑eQTL and COVID‑19 GWAS 
Signals

Since cis-regulation of gene expression is a common path-
way for genetic variation to affect complex diseases [26], 
expression trait loci (eQTL) mapping could be used to iden-
tify candidate genes for traits or diseases of interest [27]. To 
explore the association between COVID-19 GWAS signals 
and gene expression, we performed a colocalization analysis 
of cis-eQTL and COVID-19 GWAS signals. eQTL data were 
obtained from the GTEx Portal [28], including all SNP-gene 
association tests, either significant or non-significant in all 
GTEx V8 tissues of 838 post-mortem donors and gene-level 
information. For the COVID-19 GWAS significant signals 
(P ≤ 5.0 × 10–8), we expanded each variant’s position to 
a special locus by 500 kb upstream and downstream and 
located functional genes in this region.

We used the colocalization method in ‘Coloc’ (version 
5.1.0) to evaluate the probability that the same signal can 
both modify the risk of severe COVID-19 and affect the 
expression level of a specific gene [29, 30]. ‘Coloc’ uses 
estimated approximate Bayes factors from summary associa-
tion data to compute posterior probabilities (PPH4) assum-
ing one causal variant per trait [31]. Colocalization was per-
formed between genes’ cis-eQTL signals in each of 49 GTEx 
tissues and COVID-19 severity GWAS to find the candidate 

causal variants [29]. In the present study, PPH4 over 0.75 
were considered as strong evidence for colocalization.

2.6 � Polygenetic Risk Score

For the calculation of PRS, we selected COVID-19 sever-
ity-related meta-GWAS summary published by HGI (A2 
leave 23andme and UKBB, Release V7) to avoid possible 
overfitting [32]. Only biallelic SNPs with MAF > 5% were 
included in the PRS analysis. We derived independent SNPs 
(r2 < 0.1 within a 1-Mb window) associated with COVID-19 
severity based on GWAS summary statistics at different P 
value threshold (5 × 10–15, 5 × 10–10, 5 × 10–7, 1 × 10–5, 0.001, 
0.05). For each participant, PRS was calculated as the sum 
of risk alleles present at each locus, weighted by the odds 
ratio. We used Nagelkerke’s R2 and the number of SNPs 
for constructing PRS to select the most appropriate thresh-
old via PRSice-2 (version 2.3.5) [33, 34]. The best-fitted 
PRS were applied as an indicator of genetic risks for severe 
COVID-19 in the following analysis. PRS was classified into 
low (bottom 50%) and high (top 50%) groups according to 
the quantile of PRS scores.

2.7 � Statistical Analysis

Characteristics of participants were described as means 
(standard deviations) or frequencies (percentages) in severe 
COVID-19 and non-severe COVID-19 patients. Associa-
tions of covariates and PRS with COVID-19 severity were 
analyzed in the logistic model. Genome-association analysis 
was performed in Plink adjusted with age, gender, genotyp-
ing array and first 10 PCs. Considering the potential con-
founding of commodities and age, we further assessed the 
association of lead SNPs with comorbidities and age in a 
multivariate logistic model.

All COVID-19 patients were randomly split into a train 
set and validation set (1:1). Setting severe COVID-19 as 
an outcome, we constructed predictive models using four 
different machine learning methods [Logistic regression, 
random forest, partial least squares (PLS) regression, and 
bagged flexible discriminant analysis (FDA)] [35–37]. Age, 
gender, income, BMI, CCI and PRS were involved as predic-
tors in constructing the model. Ten-fold cross validation and 
the areas under the receiver operating characteristic curves 
(AUROCs) were used to measure the models’ performance 
in training set. The best-fit models in the training set were 
applied and validated in the validation set. AUROC, sensi-
tivity and specificity were used to assess the performance 
of the model. The basic prediction model was constructed 
using age, gender, income as predictors, and other risk fac-
tors (BMI, CCI, and PRS) were added to the model, respec-
tively. And a full model including all predictors above was 
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constructed. All analyses were performed with R (version 
4.2.0) software and ‘caret’ package.

3 � Results

3.1 � Study Participants

A total of 20,320 individuals who were confirmed with 
COVID-19 between Feb 21, 2020 and Mar 18, 2021, aged 
50–83 years, were included in our analysis (Table 1). Of 
these, 1287 (6.33%) participants were identified as severe 
COVID-19 if COVID-19-related respiratory support or 
death occurred. The demographic characteristics and comor-
bidities were significantly different between severe and non-
severe COVID-19 patients. Specifically, severe cases were 
more likely to be man, elder, with high BMI, low income, 
and high CCI. Age group over 80 had the highest odds ratio 
(OR = 21.8, 95%CI 16.8–28.2) in severe COVID-19 com-
pared to non-severe cases, suggesting that age might play an 
important role in disease progression. We further compared 
the distribution of each item in constructing CCI and found 
all but AIDS diagnosed prior to COVID-19 were associated 
with severity (Table 2). Among the comorbidities, chronic 
pulmonary disease was the most common (22.1%) comor-
bidity among severe patients, followed by diabetes (19.7%). 

The details of the effect for each type of comorbidity could 
be found in Table 2. In short, CCI scores were a good repre-
sentation of the underlying health status of the population, 
and individuals with more comorbidities had a higher risk of 
severe COVID-19. We categorized participants into low-CCI 
(CCI ≤ 1) and high-CCI (CCI > 1) groups, mainly consider-
ing the distribution and clinical practice (Fig S1).

3.2 � Genome‑Wide Association Analysis of Severe 
COVID‑19

We performed GWAS of severe COVID-19 using 1,287 
participants with severe COVID-19 and 19,033 partici-
pants with non-severe COVID-19 in the dataset of the 
UK Biobank study. Only one lead SNP, rs73064425 was 
found to be associated with COVID-19 severity at a sig-
nificance level of P < 5 × 10–8 (Fig. 2A). Genomic infla-
tion factor (λGC) was estimated as 1.01, suggesting the 
well control of GWAS quality and no substantial impact 
of systematic inflation (Fig. 2B) [38]. We additionally 
added CCI into a logistic model for the lead SNPs to 
adjust the potential confounding of critical illness and the 
results remained robust. The most significant signal was 
rs73064425 T/C (OR = 1.55, 95%CI 1.36–1.78) at locus 
3p21.31. Then, independent significant SNP was annotated 
with resided or nearby functional genes in upstream and 

Table 1   Demographic 
characteristics and 
comorbidities of patients with 
COVID-19

SD standard deviation, CI confidence interval, IQR interquartile range, BMI Body mass index, CCI Charl-
son Comorbidity Index
*Logistic regression model was used to estimate the effect and P value of each factor

Characteristics Non-severe COVID-19 Severe COVID-19 Odds Ratio (95%CI)* P Value*

(N = 19,033) (N = 1,287)

Gender (n, %)
 Female 10,212 (43.7) 450 (35.0) Reference
 Male 8,821 (46.3) 837 (65.0) 2.15 (1.91,2.42)  < 0.001

Age (mean ± SD) 65.13 ± 8.26 73.24 ± 6.97 1.14 (1.13,1.15)  < 0.001
Age group (n, %)
 50 ~ 60 5,997 (31.5) 87 (6.8) Reference
 60 ~ 70 6,618 (34.8) 224 (17.4) 2.33 (1.82,3.00)  < 0.001
 70 ~ 80 5,715 (30.0) 754 (58.6) 9.09 (7.26,11.4)  < 0.001
 Over 80 703 (3.7) 222 (17.2) 21.8 (16.8,28.2)  < 0.001

BMI (mean ± SD) 27.81 ± 4.77 30.12 ± 5.83 1.08 (1.07,1.10)  < 0.001
Income
  < 18,000 2,986 (15.7) 437 (34.3) Reference
  ~ 30,999 4,001 (21.0) 291 (22.6) 0.50 (0.42,0.58)  < 0.001
  ~ 51,999 7,222 (37.9) 426 (33.1) 0.40 (0.35,0.46)  < 0.001
  ~ 100,000 3,887 (20.4) 110 (8.5) 0.19 (0.16,0.24)  < 0.001
  > 100,000 937 (4.7) 23 (1.8) 0.17 (0.11,0.25)  < 0.001

CCI group (n, %)
 Low 16,723 (87.9) 772 (60.0) Reference
 High 2,310 (12.1) 515 (40.0) 4.83 (4.28,5.44)  < 0.001
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downstream ± 500 Kb regions. The most significant SNP 
rs73064425 was found located at a region comprising six 
genes, SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and 
XCR1 (Fig. 3). Further, the association between lead SNP 
(rs73064425) with age and comorbidities were assessed in 
the multivariate logistic regression model. No significant 
association was observed between all comorbidities in CCI 
and rs73064425, except cerebrovascular disease (P = 0.03, 
Table 3). We performed stratified analysis according to 
rs73064425 to assess the association between CCI and 
COVID-19 severity among different strata, finding that 

the associations were consistent with the wild (Genotype 
CC) and mutant (Genotype CT/TT) group (Table S2).

Matched GWAS in the low CCI group found only one 
lead SNP rs71325088 at locus 3p21.31, in high LD with 
rs73064425 (P = 2.61 × 10–8, r2 = 0.99), reached a genome-
association significant level of P < 5 × 10–8 (Fig. 4).

Table 2   The association of CCI components and severe COVID-19 in a multivariate logistic regression model

Abbr Abbreviation, OR odds ratio, CI confidence interval
*P value and OR were estimated in the logistic regression model, adjusted for age, sex, income, and BMI

Diseases (Abbr. %) All COVID-19 
cases (N = 20,320)

Non-severe COVID-
19 (N = 19,033)

Severe COVID-
19 (N = 1,287)

OR (95% CI)* P-Value*

Myocardial infarction (MI, %) 663 (3.3%) 523 (2.7%) 140 (10.9%) 4.32 (3.55, 5.25)  < 0.001
Congestive heart-failure (CHF, %) 309 (1.5%) 208 (1.1%) 101 (7.8%) 7.71 (6.03, 9.85)  < 0.001
Peripheral vascular disease (PVD, %) 418 (2.1%) 303 (1.6%) 115 (8.9%) 6.07 (4.85, 7.58)  < 0.001
Cerebrovascular disease (CVD, %) 585 (2.9%) 434 (2.3%) 151 (11.7%) 5.70 (4.69, 6.92)  < 0.001
Dementia (%) 120 (0.6%) 79 (0.4%) 41 (3.2%) 7.85 (5.39, 11.56)  < 0.001
Chronic pulmonary disease (CPD, %) 2,040 (10.0%) 1,755 (9.2%) 285 (22.1%) 2.80 (2.43, 3.22)  < 0.001
Rheumatic diseases (Rh, %) 356 (1.8%) 289 (1.5%) 67 (5.2%) 3.56 (2.71, 4.68)  < 0.001
Peptic ulcer disease (PUD, %) 423 (2.1%) 361 (1.9%) 62 (4.8%) 2.62 (1.99, 3.45)  < 0.001
Mild liver disease (MLD, %) 326 (1.6%) 257 (1.4%) 69 (5.4%) 4.14 (3.15, 5.43)  < 0.001
Diabetes (DM, %) 1,149 (5.7%) 895 (4.7%) 254 (19.7%) 4.98 (4.28, 5.81)  < 0.001
Hemiplegia/Paraplegia 144 (0.7%) 103 (0.5%) 41 (3.2%) 6.05 (4.19, 8.72)  < 0.001
Moderate or severe renal disease (SRD, %) 356 (1.8%) 242 (1.3%) 114 (8.9%) 7.55 (5.99, 9.50)  < 0.001
Diabetes with end-organ damage (DMD, %) 115 (0.6%) 73 (0.4%) 42 (3.3%) 8.76 (5.97, 12.86)  < 0.001
Any malignant tumor (MT, %) 1,387 (6.8%) 1,214 (6.4%) 173 (13.4%) 2.28 (1.92, 2.70)  < 0.001
Moderate or severe liver disease (SLD, %) 46 (0.2%) 29 (0.2%) 17 (1.3%) 8.77 (4.81, 16.01)  < 0.001
Metastatic solid tumor (ST, %) 206 (1.0%) 175 (0.9%) 31 (2.4%) 2.66 (1.81, 3.91)  < 0.001
AIDS/HIV 11 (0.1%) 9 (0.0%) 2 (0.2%) 3.29 (0.71, 15.24) 0.128

Fig. 2   Result of Genome-wide association study on COVID-19 severity in UK Biobank cohort. A: Manhattan plot of severe COVID-19 GWAS 
highlighting susceptibility locus; B: Q-Q plot for severe COVID-19 GWAS
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3.3 � Colocalization of cis‑eQTL and COVID‑19 GWAS 
Signals

Then, colocalization analysis was performed between 
cis-eQTL signals of each gene in 49 tissues in the GTEx 
database and COVID-19 GWAS summary data to explore 
the association of gene expression and the variants using 
Coloc. rs73064425, associated with COVID-19 sever-
ity, was found to be colocalized with eQTLs for two 
genes, SLC6A20 and LZTFL1, with a posterior probabil-
ity > 0.75. The eQTL signals of rs73064425 presented in 
four different tissues, including breast, esophagus mus-
cularis, skeletal muscle, tibial nerve, for gene SLC6A20 
(Fig.  5), and present in testis only for gene LZTFL1 
(Table S3). The posterior probability of each SNP was 
calculated to determine the causal variant assuming one 
causal variant per trait in Coloc. The variant with the high-
est likelihood of causality was rs73064425, and all other 
SNPs with posterior probability over 0.75 were in high LD 
(r2 > 0.8) with rs73064425. Full results could be found in 
Supplement Fig S2.

3.4 � Polygenetic Risk Score and Predictive Model 
Construction

Considering the R2 and number of SNPs, we select P value 
threshold 5 × 10–7 to construct PRS including 86 independ-
ent SNPs (Table S4, Table S5). We divided the individuals 
into two groups by the low (bottom 50%) and high (top 50%) 
PRS risk group (Fig S3) and predicted the prognosis in a 
multivariable logistic regression model. The result shows 
that individuals with high genetic risk had a higher risk 
(OR = 1.57, 95%CI 1.32–1.87) of developing severe COVID-
19 than the low genetic risk group (Table S6) adjusted for 
age, gender, income, BMI, CCI, and first 10 PCs.

Then, we constructed a predictive model for COVID-19 
severity by involving demographic characteristics, comor-
bidities and PRS as predictors in the training set using 
four machine learning methods (Logistic regression, ran-
dom forest, bagging FDA, and PLS). AUROC were close 
between different algorithms, ranging from 76.6 to 82.4% 
for the full model in the training set (Table S7). In the 
validation set, the logistic regression model was selected 

Fig. 3   Locus zoom plot of rs733064425 locus (3p21.31) with 500-kb flanking region surrounding the lead SNP (rs733064425)
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to report considering its simplicity and high performance. 
AUROC of the basic model including sex, age, and income 
reached 78.9% (Fig. 6, Table 4). The PRS could improve 

the AUROC by 0.3%, while the largest improvement to the 
model was the inclusion of CCI (AUROC = 80.7%, 95%CI 
79.0–82.3%). The full model achieved the highest predic-
tive power (AUROC = 82.1%, 95%CI 80.6–83.7%). We also 
calculated the population attributable fraction (PAF) [39], 
an estimate of the proportion of events that theoretically 
would not have occurred if all individuals would have been 
in the low-PRS and low-CCI group. Genetic was estimated 
to explain 18.2% (95% CI 13.3–23.2%) of the population’s 
risk of developing severe COVID-19, suggesting nearly 20% 
of events would have been prevented if all individuals were 
at low genetic risk. The contribution of comorbidities to the 
risk of severe COVID-19 was comparable to genetics, with 
the PAF estimated as 21.4% (95% CI 18.1–24.7%). And 
39.7% (95% CI 34.0–45.5%) severe cases would not have 
occurred if all infected people were free of comorbidities 
and in low genetic risk.

4 � Discussion

In this study, we assessed the effect of different factors on 
the risk of severe COVID-19 by comparing the difference 
in demographic characteristics and comorbidities between 
the severe case and non-severe case groups. Similar to pre-
vious studies [4, 11, 40–42], we found that elder, male, 
low economic status, high BMI, and comorbidities were 
risk factors for COVID-19 severity. In the GWAS analysis, 
we find one independent genetic association (rs73064425) 
with severe COVID-19. Furthermore, rs73064425 located 
at 3p21.31 was found to affect the cis-regulation expression 

Table 3   Association between rs73064425 with age and comorbidities 
included in CCI

* Odds ratio and P value were estimated in the logistic regression 
model, adjusted for age, gender, income, BMI, and genotype batch

Outcome OR* 95%CI P Value*

Age 0.98 0.71–1.35 0.90
Myocardial infarction (MI, %) 0.98 0.79–1.22 0.86
Congestive heart-failure (CHF, %) 1.11 0.82–1.50 0.48
Peripheral vascular disease (PVD, %) 1.12 0.87–1.45 0.38
Cerebrovascular disease (CVD, %) 0.75 0.58–0.97 0.03
Dementia (%) 1.09 0.68–1.78 0.71
Chronic pulmonary disease (CPD, %) 1.06 0.93–1.20 0.36
Rheumatic diseases (Rh, %) 0.97 0.72–1.31 0.86
Peptic ulcer disease (PUD, %) 0.90 0.68–1.19 0.47
Mild liver disease (MLD, %) 0.90 0.66–1.24 0.53
Diabetes (DM, %) 0.91 0.77–1.08 0.29
Hemiplegia / Paraplegia 1.12 0.72–1.73 0.61
Moderate or severe renal disease (SRD, 

%)
1.16 0.88–1.52 0.30

Diabetes with end-organ damage 
(DMD, %)

0.81 0.46–1.41 0.45

Any malignant tumor (MT, %) 0.95 0.82–1.11 0.54
Moderate or severe liver disease (SLD, 

%)
1.29 0.62–2.67 0.49

Metastatic solid tumor (ST, %) 0.95 0.64–1.41 0.79
AIDS/HIV 2.15 0.63–7.31 0.22

Fig. 4   Result of Genome-wide association study in low CCI group matched by gender and age. (Lead SNP rs71325088 was in high LD with 
rs73064425, r.2 = 0.99)
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of two genes (LZTFL1 and SLC6A20) in the colocalization 
analysis. Additionally, we performed a GWAS in low-CCI 
participants matched by gender and age and found consistent 
results as above.

The main difference between the present study and previ-
ous COVID-19-related GWAS studies is the selection of the 
control, where we chose the non-severe COVID-19 cases 
as the control, while most previous studies used the SARS-
CoV-2 negative or unknown population as the controls 
[14, 16, 18, 19]. Thus, the loci found in this study actually 
reflected the risk of severe illness after infection, while by 
contrasting to generally SARS-CoV-2 negatives, the results 
were a mixture of susceptible loci for both infection and 
prognosis. This also partly explains that the previously pub-
lished locus using UKB data was not fully replicated in our 
study.

Age played an important role in developing severe 
COVID-19 in our analysis, with the highest odds ratio 
in over 80 years group compared to the 50 ~ 60 group. A 

large-scale study found that the median age of patients who 
died from COVID-19 was 79 years old [43]. Male patients 
had 1.15-fold more risk progressed to severe disease than 
female, which may mainly due to gender-special behaviors, 
genetic and hormonal factors as Tu et al. [44] reported. Simi-
lar to the results 7 of other studies, comorbidities such as 
diabetes, liver disease and malignancy predispose to poor 
prognosis in patients with COVID-19 [7–11]. To assess the 
interaction between a genetic variant with age and comor-
bidities on COVID-19 severity, we performed association 
and stratification analysis, finding no significant interaction 
between them.

Downes et al. [45] found that leucine zipper transcription 
factors 1 (LZTFL1) can regulate epithelial-mesenchymal 
transition (EMT) related signaling and they identified lung 
epithelial cells undergoing EMT in lung tissue as a possible 
cause of susceptibility to severe COVID-19 associated with 
3p21.31. Another potentially causal gene is SLC6A20 that 
may be responsible for the increased risk of poor prognosis. 

Fig. 5   Colocalization of SLC6A20 gene expression and GWAS result in Esophagus Muscularis tissue. A: Scatterplot of GWAS P-Value and 
eQTL P-Value for shared variants; B, C: variants in LD with the lead SNP rs73064425
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It encodes the sodium–imino acid (proline) transporter 1 
(SIT1), which functions as a proline transporter expressed 
in the kidney and small intestine [46]. Raphael et al. [47] 
found that SIT1functionally interacts with angiotensin-con-
verting enzyme 2 (ACE2), which has been demonstrated 
in many studies to be a receptor on the surface of SARS-
CoV-2 invading cells [14, 48–51]. SLC6A20 was found to 
be affected by rs73064425 in esophagus tissue, where the 

ACE2 was expressed [52]. Other tissues such as skeletal 
muscle and tibial nerve were associated with symptoms sub-
sequent to SARS-Cov-2 infection [53, 54], which may be the 
mechanism responsible for severe COVID-19.

Meanwhile, we can assume that rs73064425 and its 
related gene (LZTFL1, SLC6A20) are playing an important 
role in both susceptibility and severe disease since this is a 
common locus in both types of studies that utilizing different 
sources of controls.

In the present study, we constructed a polygenic risk score 
representing an individual genetic risk for severe COVID-19 
based on GWAS summary data from a prior study. In line 
with previous studies [14], our study suggested that higher 
genetic risk increases the risk of adverse outcomes. The PRS 
would help stratifying the population into subgroups with 
different risk levels to alert clinical and individual decision-
making in advance.

Furthermore, we developed predictive models based on 
multiple risk factors of both genetic and non-genetic iden-
tified in our study to assess the risk of developing critical 
illness after being infected with SARS-CoV-2 and validated 
it in the internal validation set. Four different algorithms 

Fig. 6   Prediction of risk of severe disease among cases with COVID-19 in the UK Biobank cohort based on demographic characteristics, 
comorbidities, and host genetic factors

Table 4   The performance of predictive models in validation set

*Basic model were constructed with age, gender, and income as pre-
dictors

Models Variables AUROC Sensitivity Specificity

Logistic regres-
sion

Basic model* 0.789 0.779 0.665

 + BMI 0.805 0.779 0.679
 + CCI 0.807 0.710 0.756
 + PRS 0.792 0.776 0.679
All except PRS 0.818 0.737 0.747
Full Model 0.821 0.768 0.722
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were applied to develop the predictive models. The final 
model (logistic regression) is simple with easily assessable 
variables and highly interpretable. The results showed that 
the predictive model including demographic characteris-
tics (age, gender, BMI, and income), comorbidities (CCI) 
and genetic risk (PRS) could well identify people at high 
risk of severe COVID-19 with an AUROC of 82.1%, which 
was comparable with previous models [14, 55]. Genetic 
and comorbidities contributed 18.2% and 21.4% to severe 
COVID-19 risk, emphasizing that COVID-19 patients with 
high genetic risk and underlying disease should be taken 
more care of in clinical practice to deal with disease progres-
sion in advance.

4.1 � Strength and Limitation

The main strengths of our present study compared with prior 
studies are that we focus on the influence of host genetic 
factors on COVID-19 severity rather than incidence because 
as a communicable disease, pathogenic infections are one of 
the key factors in disease progression. And we further ana-
lyse the potential interaction of genetic variant and comor-
bidities on COVID-19 severity. In addition, we develop a 
predictive model with AUROC as high as 80% using only six 
easily assessable variables, which could be used in clinical 
practice. Our study also has a few limitations though. First, 
all COVID-19 patients in our study were over 50, which may 
limit the generalization of the study conclusions in young 
patients. Second, although the known potential confounders 
were adjusted in our analysis, it is possible that unmeasured 
confounders and bias remained, such as vaccination and 
virus strains. Third, most participants in the UK Biobank 
cohort were unknown of the SARS-CoV-2 test, which may 
influence the prevalence of severe COVID-19 and underes-
timate the effect of risk factors.

5 � Conclusion

In this study, rs73064425 and its two colocalized genes, 
LZTFL1 and SLC6A20 were found to be associated with 
COVID-19 severity. The logistic regression model was 
developed to predict prognosis of COVID-19 patients early 
and could be used in clinical practice. Our findings demon-
strate the need for clinical care of patients with comorbidities 
and high genetic risks. From the public health perspective, 
prevention should be enhanced in the elderly and in people 
with underlying diseases and high genetic risks, who often 
suffer critical conditions after infection. More researches are 
needed to explore the mechanism of comorbidities on the 
risk of severe COVID-19 in the future, especially in people 
with high genetic risk.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44197-​023-​00106-3.

Acknowledgements  This research has been conducted using the UK 
Biobank Resource under Application 92718. The authors would like to 
acknowledge the contribution of the team members and colleagues of 
Fudan University Taizhou Institute of Health Sciences for their support.

Author Contributions  DZ: methodology, data cleaning and analysis, 
writing original draft, visualization. RZ: data cleaning and interpret-
ing. HY: data and project management, conceptualization. YX: data 
cleaning and interpreting. YJ, KX, and TZ: resources, supervision. XC: 
project administration, resources. CS: supervision, conceptualization, 
methodology, funding acquisition, project administration, resources, 
review & editing.

Funding  This work was supported by the Shanghai Municipal Sci-
ence and Technology Major Project (Grant Number: ZD2021CY001, 
2017SHZDZX01), and 3-Year Action Plan for Strengthening Public 
Health System in Shanghai (Grant Number: GWV-10.2-YQ32).

Availability of Data and Materials  Data from the UK Biobank (http://​
www.​ukbio​bank.​ac.​uk/) are available to all researchers upon making an 
application. Part of this research was conducted using the UK Biobank 
Resource under Application 92718.

Declarations 

Conflict of Interest  The authors declare no competing interests.

Consent for Publication  All authors read and approved the final manu-
script as submitted and agree to be accountable for all aspects of the 
work.

Ethics Approval and Consent to Participate  The UK Biobank has full 
ethical approval from the NHS National Research Ethics Service (refer-
ence number: 16/NW/0274).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 WHO Coronavirus (COVID-19) Dashboard n.d. 2022. https://​
covid​19.​who.​int. Accessed 14 Nov 2022.

	 2.	 Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical fea-
tures of patients infected with 2019 novel coronavirus in Wuhan, 
China. Lancet. 2020;395:497–506. https://​doi.​org/​10.​1016/​S0140-​
6736(20)​30183-5.

	 3.	 Wu Z, McGoogan JM. Characteristics of and important lessons 
from the coronavirus disease 2019 (COVID-19) outbreak in china: 
summary of a report of 72 314 cases from the Chinese center for 

https://doi.org/10.1007/s44197-023-00106-3
http://www.ukbiobank.ac.uk/
http://www.ukbiobank.ac.uk/
http://creativecommons.org/licenses/by/4.0/
https://covid19.who.int
https://covid19.who.int
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5


290	 Journal of Epidemiology and Global Health (2023) 13:279–291

1 3

disease control and prevention. JAMA. 2020;323:1239. https://​
doi.​org/​10.​1001/​jama.​2020.​2648.

	 4.	 Hu B, Guo H, Zhou P, Shi Z-L. Characteristics of SARS-CoV-2 
and COVID-19. Nat Rev Microbiol. 2021;19:141–54. https://​doi.​
org/​10.​1038/​s41579-​020-​00459-7.

	 5.	 Berlin DA, Gulick RM, Martinez FJ. Severe Covid-19. N Engl J 
Med. 2020;383:2451–60. https://​doi.​org/​10.​1056/​NEJMc​p2009​
575.

	 6.	 Marini JJ, Gattinoni L. Management of COVID-19 respiratory 
distress. JAMA. 2020;323:2329–30. https://​doi.​org/​10.​1001/​jama.​
2020.​6825.

	 7.	 Geng J, Yu X, Bao H, Feng Z, Yuan X, Zhang J, et al. Chronic 
diseases as a predictor for severity and mortality of COVID-19: 
a systematic review with cumulative meta-analysis. Front Med. 
2021. https://​doi.​org/​10.​3389/​fmed.​2021.​588013.

	 8.	 Samadizadeh S, Masoudi M, Rastegar M, Salimi V, Shahbaz 
MB, Tahamtan A. COVID-19: Why does disease severity vary 
among individuals? Respir Med. 2021;180:106356. https://​doi.​
org/​10.​1016/j.​rmed.​2021.​106356.

	 9.	 Favre G, Legueult K, Pradier C, Raffaelli C, Ichai C, Iannelli 
A, et al. Visceral fat is associated to the severity of COVID-19. 
Metabolism. 2021;115:154440. https://​doi.​org/​10.​1016/j.​metab​
ol.​2020.​154440.

	10.	 Gülsen A, König IR, Jappe U, Drömann D. Effect of comorbid 
pulmonary disease on the severity of COVID-19: a systematic 
review and meta-analysis. Respirology. 2021;26:552–65. https://​
doi.​org/​10.​1111/​resp.​14049.

	11.	 Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course 
and risk factors for mortality of adult inpatients with COVID-
19 in Wuhan, China: a retrospective cohort study. Lancet. 
2020;395:1054–62. https://​doi.​org/​10.​1016/​S0140-​6736(20)​
30566-3.

	12.	 Velavan TP, Pallerla SR, Rüter J, Augustin Y, Kremsner PG, 
Krishna S, et al. Host genetic factors determining COVID-19 
susceptibility and severity. EBioMedicine. 2021;72:103629. 
https://​doi.​org/​10.​1016/j.​ebiom.​2021.​103629.

	13.	 Zhu H, Zheng F, Li L, Jin Y, Luo Y, Li Z, et al. A Chinese host 
genetic study discovered IFNs and causality of laboratory traits 
on COVID-19 severity. IScience. 2021;24:103186. https://​doi.​
org/​10.​1016/j.​isci.​2021.​103186.

	14.	 Horowitz JE, Kosmicki JA, Damask A, Sharma D, Roberts 
GHL, Justice AE, et al. Genome-wide analysis provides genetic 
evidence that ACE2 influences COVID-19 risk and yields risk 
scores associated with severe disease. Nat Genet. 2022. https://​
doi.​org/​10.​1038/​s41588-​021-​01006-7.

	15.	 D’Antonio M, Nguyen JP, Arthur TD, Matsui H, D’Antonio-
Chronowska A, Frazer KA. SARS-CoV-2 susceptibility and 
COVID-19 disease severity are associated with genetic vari-
ants affecting gene expression in a variety of tissues. Cell Rep. 
2021;37:110020. https://​doi.​org/​10.​1016/j.​celrep.​2021.​110020.

	16.	 Pairo-Castineira E, Clohisey S, Klaric L, Bretherick AD, Raw-
lik K, Pasko D, et al. Genetic mechanisms of critical illness in 
COVID-19. Nature. 2021;591:92–8. https://​doi.​org/​10.​1038/​
s41586-​020-​03065-y.

	17.	 Mostafavi H, Harpak A, Agarwal I, Conley D, Pritchard JK, 
Przeworski M. Variable prediction accuracy of polygenic scores 
within an ancestry group. Elife. 2020;9:e48376. https://​doi.​org/​
10.​7554/​eLife.​48376.

	18.	 The Severe Covid-19 GWAS Group. Genomewide association 
study of severe Covid-19 with respiratory failure. N Engl J Med. 
2020;383:1522–34. https://​doi.​org/​10.​1056/​NEJMo​a2020​283.

	19.	 Kousathanas A, Pairo-Castineira E, Rawlik K, Stuckey A, 
Odhams CA, Walker S, et  al. Whole-genome sequencing 
reveals host factors underlying critical COVID-19. Nature. 
2022;607:97–103. https://​doi.​org/​10.​1038/​s41586-​022-​04576-6.

	20.	 Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, 
et al. UK Biobank: an open access resource for identifying the 
causes of a wide range of complex diseases of middle and old 
age. PLOS Med. 2015;12:e1001779. https://​doi.​org/​10.​1371/​
journ​al.​pmed.​10017​79.

	21.	 de Groot V, Beckerman H, Lankhorst GJ, Bouter LM. How to 
measure comorbidity: a critical review of available methods. J 
Clin Epidemiol. 2003;56:221–9. https://​doi.​org/​10.​1016/​S0895-​
4356(02)​00585-1.

	22.	 Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new 
method of classifying prognostic comorbidity in longitu-
dinal studies: development and validation. J Chronic Dis. 
1987;40:373–83. https://​doi.​org/​10.​1016/​0021-​9681(87)​
90171-8.

	23.	 Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp 
K, et al. The UK Biobank resource with deep phenotyping and 
genomic data. Nature. 2018;562:203–9. https://​doi.​org/​10.​1038/​
s41586-​018-​0579-z.

	24.	 Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee 
JJ. Second-generation PLINK: rising to the challenge of larger 
and richer datasets. GigaScience. 2015. https://​doi.​org/​10.​1186/​
s13742-​015-​0047-8.

	25.	 Wang X. Firth logistic regression for rare variant association tests. 
Front Genet. 2014. https://​doi.​org/​10.​3389/​fgene.​2014.​00187.

	26.	 Gamazon ER, Segrè AV, van de Bunt M, Wen X, Xi HS, Hor-
mozdiari F, et al. Using an atlas of gene regulation across 44 
human tissues to inform complex disease- and trait-associated 
variation. Nat Genet. 2018;50:956–67. https://​doi.​org/​10.​1038/​
s41588-​018-​0154-4.

	27.	 Kasela S, Daniloski Z, Bollepalli S, Jordan TX, tenOever BR, 
Sanjana NE, et al. Integrative approach identifies SLC6A20 and 
CXCR6 as putative causal genes for the COVID-19 GWAS signal 
in the 3p21.31 locus. Genome Biol. 2021;22:242. https://​doi.​org/​
10.​1186/​s13059-​021-​02454-4.

	28.	 The GTEx Consortium. The GTEx Consortium atlas of genetic 
regulatory effects across human tissues. Science. 2020;369:1318–
30. https://​doi.​org/​10.​1126/​scien​ce.​aaz17​76.

	29.	 Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani 
AD, Wallace C, et al. Bayesian test for colocalisation between 
pairs of genetic association studies using summary statistics. 
PLOS Genet. 2014;10:15.

	30.	 Wang G, Sarkar A, Carbonetto P, Stephens M. A simple new 
approach to variable selection in regression, with application 
to genetic fine mapping. J R Stat Soc Ser B Stat Methodol. 
2020;82:1273–300. https://​doi.​org/​10.​1111/​rssb.​12388.

	31.	 Kia DA, Zhang D, Guelfi S, Manzoni C, Hubbard L, Reynolds 
RH, et al. Identification of candidate Parkinson disease genes by 
integrating genome-wide association study, expression, and epi-
genetic data sets. JAMA Neurol. 2021;78:464–72. https://​doi.​org/​
10.​1001/​jaman​eurol.​2020.​5257.

	32.	 Niemi MEK, Karjalainen J, Liao RG, Neale BM, Daly M, 
Ganna A, et  al. Mapping the human genetic architecture of 
COVID-19. Nature. 2021;600:472–7. https://​doi.​org/​10.​1038/​
s41586-​021-​03767-x.

	33.	 Chen W, Zeng Y, Suo C, Yang H, Chen Y, Hou C, et al. Genetic 
predispositions to psychiatric disorders and the risk of COVID-19. 
BMC Med. 2022. https://​doi.​org/​10.​1186/​s12916-​022-​02520-z.

	34.	 Choi SW, O’Reilly PF. PRSice-2: polygenic risk score software 
for biobank-scale data. GigaScience. 2019;8:giz082. https://​doi.​
org/​10.​1093/​gigas​cience/​giz082.

	35.	 Hastie T, Tibshirani R, Buja A. Flexible discriminant analysis by 
optimal scoring. J Am Stat Assoc. 1994;89:1255–70. https://​doi.​
org/​10.​1080/​01621​459.​1994.​10476​866.

https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1038/s41579-020-00459-7
https://doi.org/10.1056/NEJMcp2009575
https://doi.org/10.1056/NEJMcp2009575
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.1001/jama.2020.6825
https://doi.org/10.3389/fmed.2021.588013
https://doi.org/10.1016/j.rmed.2021.106356
https://doi.org/10.1016/j.rmed.2021.106356
https://doi.org/10.1016/j.metabol.2020.154440
https://doi.org/10.1016/j.metabol.2020.154440
https://doi.org/10.1111/resp.14049
https://doi.org/10.1111/resp.14049
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/j.ebiom.2021.103629
https://doi.org/10.1016/j.isci.2021.103186
https://doi.org/10.1016/j.isci.2021.103186
https://doi.org/10.1038/s41588-021-01006-7
https://doi.org/10.1038/s41588-021-01006-7
https://doi.org/10.1016/j.celrep.2021.110020
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.7554/eLife.48376
https://doi.org/10.7554/eLife.48376
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1038/s41586-022-04576-6
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1016/S0895-4356(02)00585-1
https://doi.org/10.1016/S0895-4356(02)00585-1
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.3389/fgene.2014.00187
https://doi.org/10.1038/s41588-018-0154-4
https://doi.org/10.1038/s41588-018-0154-4
https://doi.org/10.1186/s13059-021-02454-4
https://doi.org/10.1186/s13059-021-02454-4
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.1111/rssb.12388
https://doi.org/10.1001/jamaneurol.2020.5257
https://doi.org/10.1001/jamaneurol.2020.5257
https://doi.org/10.1038/s41586-021-03767-x
https://doi.org/10.1038/s41586-021-03767-x
https://doi.org/10.1186/s12916-022-02520-z
https://doi.org/10.1093/gigascience/giz082
https://doi.org/10.1093/gigascience/giz082
https://doi.org/10.1080/01621459.1994.10476866
https://doi.org/10.1080/01621459.1994.10476866


291Journal of Epidemiology and Global Health (2023) 13:279–291	

1 3

	36.	 Shi L, Westerhuis JA, Rosén J, Landberg R, Brunius C. Variable 
selection and validation in multivariate modelling. Bioinformat-
ics. 2019;35:972–80. https://​doi.​org/​10.​1093/​bioin​forma​tics/​
bty710.

	37.	 Christodoulou E, Ma J, Collins GS, Steyerberg EW, Verbakel JY, 
Van Calster B. A systematic review shows no performance benefit 
of machine learning over logistic regression for clinical predic-
tion models. J Clin Epidemiol. 2019;110:12–22. https://​doi.​org/​
10.​1016/j.​jclin​epi.​2019.​02.​004.

	38.	 Burton PR, Clayton DG, Cardon LR, Craddock N, Deloukas P, 
Duncanson A, et al. Genome-wide association study of 14,000 
cases of seven common diseases and 3,000 shared controls. 
Nature. 2007;447:661–78. https://​doi.​org/​10.​1038/​natur​e05911.

	39.	 Mansournia MA, Altman DG. Population attributable fraction. 
BMJ. 2018;360:k757. https://​doi.​org/​10.​1136/​bmj.​k757.

	40.	 Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical char-
acteristics of 138 hospitalized patients with 2019 novel coronavi-
rus-infected pneumonia in Wuhan. China JAMA. 2020;323:1061–
9. https://​doi.​org/​10.​1001/​jama.​2020.​1585.

	41.	 Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, et al. Clinical char-
acteristics of coronavirus disease 2019 in China. N Engl J Med. 
2020;382:1708–20. https://​doi.​org/​10.​1056/​NEJMo​a2002​032.

	42.	 Pijls BG, Jolani S, Atherley A, Derckx RT, Dijkstra JIR, Franssen 
GHL, et al. Demographic risk factors for COVID-19 infection, 
severity, ICU admission and death: a meta-analysis of 59 stud-
ies. BMJ Open. 2021;11:e044640. https://​doi.​org/​10.​1136/​bmjop​
en-​2020-​044640.

	43.	 Onder G, Rezza G, Brusaferro S. Case-fatality rate and character-
istics of patients dying in relation to COVID-19 in Italy. JAMA. 
2020;323:1775–6. https://​doi.​org/​10.​1001/​jama.​2020.​4683.

	44.	 Haitao T, Vermunt JV, Abeykoon J, Ghamrawi R, Gunaratne M, 
Jayachandran M, et al. COVID-19 and sex differences: mecha-
nisms and biomarkers. Mayo Clin Proc. 2020;95:2189–203. 
https://​doi.​org/​10.​1016/j.​mayocp.​2020.​07.​024.

	45.	 Downes DJ, Cross AR, Hua P, Roberts N, Schwessinger R, Cutler 
AJ, et al. Identification of LZTFL1 as a candidate effector gene 
at a COVID-19 risk locus. Nat Genet. 2021;53:1606–15. https://​
doi.​org/​10.​1038/​s41588-​021-​00955-3.

	46.	 Verrey F, Singer D, Ramadan T, Vuille-dit-Bille RN, Mari-
otta L, Camargo SMR. Kidney amino acid transport. Pflüg 
Arch - Eur J Physiol. 2009;458:53–60. https://​doi.​org/​10.​1007/​
s00424-​009-​0638-2.

	47.	 Vuille-dit-Bille RN, Camargo SM, Emmenegger L, Sasse T, 
Kummer E, Jando J, et al. Human intestine luminal ACE2 and 
amino acid transporter expression increased by ACE-inhibi-
tors. Amino Acids. 2015;47:693–705. https://​doi.​org/​10.​1007/​
s00726-​014-​1889-6.

	48.	 Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis 
for the recognition of SARS-CoV-2 by full-length human ACE2. 
Science. 2020;367:1444–8. https://​doi.​org/​10.​1126/​scien​ce.​abb27​
62.

	49.	 Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona 
O, et al. Cryo-EM structure of the 2019-nCoV spike in the prefu-
sion conformation. Science. 2020;367:1260–3. https://​doi.​org/​10.​
1126/​scien​ce.​abb25​07.

	50.	 Li F, Li W, Farzan M, Harrison SC. Structure of SARS coro-
navirus spike receptor-binding domain complexed with receptor. 
Science. 2005;309:1864–8. https://​doi.​org/​10.​1126/​scien​ce.​11164​
80.

	51.	 Li W, Zhang C, Sui J, Kuhn JH, Moore MJ, Luo S, et al. Receptor 
and viral determinants of SARS-coronavirus adaptation to human 
ACE2. EMBO J. 2005;24:1634–43. https://​doi.​org/​10.​1038/​sj.​
emboj.​76006​40.

	52.	 D’Amico F, Baumgart DC, Danese S, Peyrin-Biroulet L. Diarrhea 
during COVID-19 infection: pathogenesis, epidemiology, preven-
tion, and management. Clin Gastroenterol Hepatol Off Clin Pract 
J Am Gastroenterol Assoc. 2020;18:1663–72. https://​doi.​org/​10.​
1016/j.​cgh.​2020.​04.​001.

	53.	 Soares MN, Eggelbusch M, Naddaf E, Gerrits KHL, van der 
Schaaf M, van den Borst B, et al. Skeletal muscle alterations in 
patients with acute Covid-19 and post-acute sequelae of Covid-19. 
J Cachexia Sarcopenia Muscle. 2022;13:11–22. https://​doi.​org/​10.​
1002/​jcsm.​12896.

	54.	 Andalib S, Biller J, Di Napoli M, Moghimi N, McCullough LD, 
Rubinos CA, et al. Peripheral nervous system manifestations asso-
ciated with COVID-19. Curr Neurol Neurosci Rep. 2021;21:9. 
https://​doi.​org/​10.​1007/​s11910-​021-​01102-5.

	55.	 Rüter J, Pallerla SR, Meyer CG, Casadei N, Sonnabend M, Peter 
S, et al. Host genetic loci LZTFL1 and CCL2 associated with 
SARS-CoV-2 infection and severity of COVID-19. Int J Infect 
Dis. 2022. https://​doi.​org/​10.​1016/j.​ijid.​2022.​06.​030.

https://doi.org/10.1093/bioinformatics/bty710
https://doi.org/10.1093/bioinformatics/bty710
https://doi.org/10.1016/j.jclinepi.2019.02.004
https://doi.org/10.1016/j.jclinepi.2019.02.004
https://doi.org/10.1038/nature05911
https://doi.org/10.1136/bmj.k757
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1136/bmjopen-2020-044640
https://doi.org/10.1136/bmjopen-2020-044640
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1016/j.mayocp.2020.07.024
https://doi.org/10.1038/s41588-021-00955-3
https://doi.org/10.1038/s41588-021-00955-3
https://doi.org/10.1007/s00424-009-0638-2
https://doi.org/10.1007/s00424-009-0638-2
https://doi.org/10.1007/s00726-014-1889-6
https://doi.org/10.1007/s00726-014-1889-6
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1126/science.1116480
https://doi.org/10.1126/science.1116480
https://doi.org/10.1038/sj.emboj.7600640
https://doi.org/10.1038/sj.emboj.7600640
https://doi.org/10.1016/j.cgh.2020.04.001
https://doi.org/10.1016/j.cgh.2020.04.001
https://doi.org/10.1002/jcsm.12896
https://doi.org/10.1002/jcsm.12896
https://doi.org/10.1007/s11910-021-01102-5
https://doi.org/10.1016/j.ijid.2022.06.030

	Host Genetic Factors, Comorbidities and the Risk of Severe COVID-19
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Methods
	2.1 Study Population
	2.2 Definition of Outcome
	2.3 Demographic Characteristics and Comorbidities
	2.4 Genetic Association Analyses for Severe COVID-19
	2.5 Colocalization of cis-eQTL and COVID-19 GWAS Signals
	2.6 Polygenetic Risk Score
	2.7 Statistical Analysis

	3 Results
	3.1 Study Participants
	3.2 Genome-Wide Association Analysis of Severe COVID-19
	3.3 Colocalization of cis-eQTL and COVID-19 GWAS Signals
	3.4 Polygenetic Risk Score and Predictive Model Construction

	4 Discussion
	4.1 Strength and Limitation

	5 Conclusion
	Anchor 24
	Acknowledgements 
	References




