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ARTICLE INFO ABSTRACT

Keywords: Genome-wide association studies (GWASs) are a research approach used to identify genetic variants associated

GWAS with common diseases, like COVID-19. The lead genetic variants (n = 41) reported by the eleven largest COVID-

COVID-19 19 GWASs are mapped to 22 different chromosomal regions. The loci 3q21.31 (LZTFLI and chemokine receptor
IS_IIZI;S'COV'Z genes) and 9q34.2 (ABO), associated with disease severity and susceptibility to infection, respectively, were the

most replicated findings across studies. Genes involved with mucociliary clearance (CEP97, FOXP4), viral-entry
(ACE2, SLC6A20) and mucosal immunity (MIR6891) are associated with the risk of SARS-CoV-2 infection while
genes of antiviral immune response (IFNAR2, OAS1), leukocyte trafficking (CCR9, CXCR6) and lung injury
(DPP9, NOTCH4) are associated with severe disease. The biological processes underlying the risk of infection
occur prominently, but not exclusively, in the upper airways whereas the severe COVID-19-associated processes
in alveolar-capillary interface. The COVID-19 GWASs has unraveled key genetic mechanisms of SARS-CoV-2
pathogenesis, although the genetic basis of other COVID-19 related phenotypes (long COVID and neurological

Genetic variants

impairment) remains to be elucidated.

1. Introduction

In 2020, before the introduction of vaccines against SARS-CoV-2,
almost 90 million people were infected, resulting in approximately 2
million deaths worldwide, a global death toll similar to that caused by
lower respiratory infections in 2019 (2.6 million) (WHO, 2022). The
pathogenesis of SARS-CoV-2 seems to be dependent on structural fea-
tures of the respiratory tract and on qualitative, quantitative and tem-
poral aspects of the host immune response (Lamers and Haagmans,
2022). All of those features are determined, at least partially, by the host
genetics.

It has been observed, throughout this ongoing COVID-19 pandemic,
that apparently low-risk individuals (young without co-morbidities)
may evolve with very severe disease, whereas supposedly high-risk in-
dividuals may have only mild SARS-CoV-2 infection outcomes without
the need of hospitalization or additional medical care (Gao et al., 2021;
Oran and Topol, 2020). One of the main causes underlying these two
opposite outcomes relies in part on specific sequence variations in the

genome of individuals (van der Made et al., 2020). Indeed, the vari-
ability in COVID-19 outcomes is mostly determined by a complex
interplay between host genetic variants and non-genetic factors (e.g.
age, sex, body mass index, socioeconomic features) (Zhang et al., 2022).

The continuum of clinical and molecular phenotypes in between
extreme COVID-19 outcomes (asymptomatic vs death), is virtually
influenced by the whole set of genetic variants in a given genome. The
fact that every human genome (size: 3.4 x 10° base pairs) has millions of
genetic variants, many of them with extremely low minor allele fre-
quency (Karczewski et al., 2020; Lek et al., 2016), poses a challenge to
unravel the genetic architecture of complex diseases like COVID-19. In
addition, allele frequencies as well as social, cultural and demographic
factors, vary across populations what might influence the differential
pandemic burden in a global context (Prohaska et al., 2019). Rare ge-
netic variants (allele frequencies <0.001) in type I IFN immunity-related
genes (e.g. IFNRA, TLR3, IRF7) have been identified in individuals with
life-threatening COVID-19 pneumonia (Zhang et al., 2020). Conversely,
Kosmicki et al did not find any variant associated with COVID-19
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outcomes by analyzing whole exome sequences from ~20,000 COVID-
19 cases and half a million controls across five continental ancestries
(Kosmicki et al., 2021). This study analyzed seven different COVID
outcomes, of which five related to infection susceptibility and two
related to disease severity. Recent studies have demonstrated rare ge-
netic variants as an important component in the etiology of complex
diseases (Wang et al., 2021), although its identification is still chal-
lenging. Fallerini et al., has recently developed a machine-learning
model to describe the contribution of both common and rare genetic
variants on COVID-19 severity (Fallerini et al., 2022).

Genome Wide Association Studies (GWASs) are a Genetic Epidemi-
ology tool suitable to leverage environmental/lifestyle and genetic in-
formation to estimate disease risk. In a typical GWAS, thousands of
diseased and non-diseased individuals are genotyped for over a million
genetic variants across the genome in order to identify genomic regions
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(i.e. loci) associated with disease (Box 1). Association does not neces-
sarily imply causation, since most GWAS signal comes from genotyped
variants in linkage disequilibrium (LD) with unobserved causal locus (i.
e. indirect association) (Balding, 2006). While the analysis and results
interpretation of COVID-19 GWAS might be tricky for specialties outside
the Genetics field, its meaning is relevant to the scientific community
broadly. Here we reviewed eleven COVID-19 GWASs, aiming to sum-
marize the genomic loci associated with COVID-19 risk and to integrate
the genetic variants into disease mechanisms underlying the SARS-CoV-
2 infection outcomes.

2. Genome-wide association studies of COVID-19

For this Review, we included the eleven largest peer-reviewed GWAS
(case sample size >1500) published until 25 September 2022. Given the

Box 1
Typical workflow of a genome-wide association study.

Genome Wide Association Studies (GWASs) rely on the general hypothesis that the disease/trait variability in a given population is influenced by
common genetic variants. In the design phase, biological samples of thousands of research participants with different disease status (Cases vs
Controls) are obtained. In the laboratory, the DNA is extracted and hybridized against oligonucleotide probes targeting specific single nucleotide
variants (SNPs) across the whole genome. Millions of probes are attached to a solid support (Chip/Array) where a single base extension reaction
adds labeled nucleotides in each specific locus. When excited by a laser, those nucleotides emit signals that are scanned and read by imaging
software. Thus, this technology is able to genotype millions of genetic variants in a single individual at once. Each variant is identified by a
unique arbitrary “rs” number, and correspond to a chromosomal position, according to the genome reference assembly (e.g. GRCh38). This
massive amount of genetic data (millions of genotypes for thousands of individuals) is subject to statistical modeling in order to estimate the
effect of a given allele on the disease risk, taking into account the influence of potential confounders such as age and sex. A typical statistical
model (logistic model) for genetic association studies regresses the disease status D on observed covariates:

log % = o + B 10000001 + g, sex + fi age,

where the genetic information (rs number) is usually coded as 0, 1 or 2 according to the number of effect alleles a given person carriers. The
effect size and direction of association between the effect allele and disease risk is reflected in the odds ratio (OR), calculated from the coefficient
1. If OR is <1.0 or >1.0 the effect allele is called protective or risk allele, respectively. The precision and significance for the OR estimate is
characterized by two parameters, respectively, the confidence interval (CI) and p-value. A typical GWAS analyzes over a million genetic variants,
generating an equal number of hypothesis tests. Assuming a significance level a of 0.05 for each test, GWASs need to adopt multiple test
adjustment procedures (e.g. Bonferroni correction) leading to local significance level of 5 x 10~8 (= 0.05,/10°) (Prof. Dr. Andreas and Konig,
2010). GWAS results are classically shown in a Manhattan Plot, with the chromosomal position of genetic variants at x axis and the p-values for
each variant test (in -log10 scale) at y axis.

Phases

Design phase: Laboratory phase:

DNA extraction

Analysis phase:

Biological question proposed Chip image analysis / normalization

Participant enrollment Chip hybridization Genotype calling

Genotyping platform selection Scan Quality control / Imputation
Statistical analysis
Replication / validation
Sampling Genotyping chip Manhattan plot
T T *
N :
Vs 2
—_— —_—> 7

® 6 0 ° 2 ?
Cases/

Chromosome position

Box 1.
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pandemic-emergency context, these studies were conducted in a record
time for GWAS standards, thanks to collaborative work from hundreds
of scientists around the world. In order to accomplish that, genetic in-
formation about control samples was mostly obtained from preexisting
genetic databases, such as the population-base cohort of UK biobank and
the direct-to-consumer genetic testing companies 23andMe and Ances-
tryDNA. The pinnacle of scientific collaborative spirit is represented by
the Host Genetics Initiative (HGI), a project that currently has brought
together over 100 studies from dozens of countries (The COVID-19 Host
Genetics Initiative, 2020). The majority of the GWASs performed trans-
ancestry meta-analysis, which consists in: 1) classifying individuals in
ancestry categories (European-EUR, African-AFR, South Asian-SAS, East
Asian-EAS, Ameridian/Latin American/Hispanic-AME) based on their
genetic profile; 2) performing a GWAS for each ancestry group sepa-
rately; and 3) meta-analyzing the results of all ancestry GWASs. The
eleven GWASs are briefly described below and summarized in Table 1.

2.1. GWAS 1 (Severe Covid-19 GWAS Group et al., 2020)

This was the first GWAS of COVID-19 to be published. It enrolled,
from February to May 2020, 1980 severe cases with respiratory failure,
from the pandemic epicenters-cities in Italy and Spain. The controls
were blood donors from Italy and Spain, most of which with unknown
SARS-CoV-2 infection status. It is worth to point out that European
Medicines Agency (EMA) endorsed the life-saving treatment with
Dexamethasone only in September 2020 (Gozzo et al., 2020), therefore,
this GWAS1 cohort tends to better represent the natural history of the
disease. The meta-analysis involving Italian (n cases = 835; n controls =
1255) and Spanish cohorts (n cases = 775; n controls = 950) identified
two disease-associated loci: 3p21.31 (lead variant: rs11385942) and
9q34.2 (lead variant: rs657152), the locus harboring the ABO gene. The
authors also detected a protective effect of blood group O against severe
disease (odds ratio = 0.65; p = 0.00001).

2.2. GWAS 2 GenOMICC (Pairo-Castineira et al., 2021)

This study also involved critically ill COVID-19 cases (n = 2244)
mostly recruited from 208 intensive care units in the United Kingdom
(UK) and controls selected from the UK biobank (n = 11,220). Eight
independent association loci were detected, including the locus
3p21.31, and validated through analysis with two additional cohorts of
controls (100,000 Genomes Project, n = 45,875; and Generation Scot-
land, n = 7689). Despite of being more powered (larger sample size)
than GWAS 1, GWAS 2 did not detect statistical association with 9q34.2
at genome-wide significance level, suggesting that ABO locus is not
associated with severe disease. These apparently discordant findings
raised the hypothesis that the limited knowledge about the clinical
management of COVID-19 patients, given the incipient pandemic time,
contributed to the worsening in disease outcomes for cases from GWAS 1
rather than a direct effect of genetic variants at ABO on COVID-19
severity.

2.3. GWAS 3 (Shelton et al., 2021)

This study was conducted by the company 23andMe, by recruiting
over one million research participants from their preexisting genetic
cohort. They identified via online surveys 101,268 self-reported COVID-
19 test-negative individuals, and 15,434 COVID-19 test-positive, of
which 1131 needed hospitalization. Eighty percent of the study partic-
ipants were of European ancestry, followed by 11.3% of Latino, 2.7% of
African American, and 5.7% of other non-European ancestry. This study
identified 9q34.2 (ABO) as infection susceptibility locus (P = 5.3 x
1072%) and 3p21.31 as severe disease locus (P = 1.6 x 10718),
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2.4. GWAS 4 (COVID-19 Host Genetics Initiative, 2021)

This study meta-analyzed GWAS results of 46 distinct studies,
spanning 19 countries, and encompassing approximately 50,000 cases
and 2 million controls, defined as individuals without known SARS-CoV-
2 infection. For analysis purposes, COVID-19 cases were classified in
three phenotypes: 1) Critically ill (hospitalization + respiratory sup-
port); 2) Moderate COVID-19 (hospitalization); and 3) Positive COVID-
19 test (regardless of symptoms). The three cases phenotypes were
compared to genetically ancestry-matched controls. Even in this large
trans-ancestry GWAS, only 22-29% of samples were of non-European
origin. Thirteen independent association loci were identified, of which
nine had stronger association (i.e. larger odds ratios) with severe
COVID-19. Of note, GWAS 4 replicated five associated loci from GWAS
2, in addition to the ABO locus detected in GWAS 1 and GWAS 3. In
addition, this study contains cohorts from the first three GWASs, what is
expected given the global collaborative nature of HGI. Lastly, this study
used Release 5 data, the summary statistics for the most up to date
Release 7 data is available at https://www.covid19hg.org/results/r7/.

2.5. GWAS 5 (Horowitz et al., 2022)

This study, published on March 3rd 2022, analyzed genetic data from
52,630 COVID-19 cases and 704,016 individuals with no record of
SARS-CoV-2 infection (Controls) from four different cohorts: Geisinger
Health System (GHS), Penn Medicine BioBank (PMBB), UK Biobank
(UKB) and AncestryDNA. This GWAS used four COVID-19 positive
phenotypes (“positive”, “positive and not hospitalized”, “positive and
hospitalized”, and “positive and severe”) and two COVID-19 negative
phenotypes (“negative”, and “negative or unknown”), combined in
seven different comparison schemes, of which five informed about
susceptibility to infection and two comparisons informed about risk of
severe disease. With regard to the type of variants, they analyzed 13
millions of common variants and 76 millions of rare variants. As results,
in addition to validate six previously reported associations (two loci
associated with susceptibility to infection and four loci associated with
severe disease risks), they also reported a new association between
SARS-CoV-2 infection susceptibility and rs190509934, a rare variant
located 60 bp upstream of the ACE2 gene and associated with its dif-
ferential expression levels.

2.6. GWAS 6 (Roberts et al., 2022)

Published along with GWAS 5 at the same issue of Nature Genetics
(Volume 54, Issue 4, April 2022), this study explored eight comparison
schemes involving 736,723 AncestryDNA customers that have con-
sented to research and responded the web-survey from 22 April to 3
August 2020. Interestingly, the authors used comparisons such as
household exposed individuals who tested positive vs negative for
COVID-19 to deeply investigate susceptibility to infection. With this
study design, they confirmed that ABO variants influence the risk of
infection rather than COVID-19 severity. In addition, 12 independent
genetic markers from GWAS 4 and GWAS 5 were replicated, with a
caveat that 12% and 46% of GWAS 6 samples overlapped samples from
GWAS 4 and GWAS 5, respectively.

2.7. GWAS 7 (Pereira et al., 2022)

This study used a Brazilian cohort (BRACOVID) of 3533 hospitalized
COVID-19 cases and 1700 non-hospitalized COVID-19 controls, all
recruited from Sao Paulo, Brazil. In addition to replicate the previously
reported findings for loci 3p21.31 and 21q22.11, the authors reported a
novel association between variant rs11240388 (1q32.1) and disease
severity. The ABO locus was not replicated in this study.


https://www.covid19hg.org/results/r7/
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Table 1

Summary of the COVID-19 GWASs.
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Study Publication Population Sample size”, n Phenotype description (Case vs Control)
date
Case Control
GWAS 1 (PMID: 17 — 06-2020  Italy, Spain 1980 2381 COVID-19 positive test and supplementary oxygen or mechanical ventilation vs
32558485) Population-based blood donors with unknown COVID-19 status
GWAS 2 (PMID: 11-12-2020 UK 2244 64,784 Critically ill vs Population-based controls with unknown COVID-19 status
33307546)
12,972 101,268 COVID-19 positive test vs COVID-19 negative test
802 797,153 COVID-19 positive test and hospitalization vs Unknown COVID-19 status
. 1286 797,084 COVID-19 positive test and pneumonia vs Unknown COVID-19 status
GWAS 3 (PMID: 33 22-04-2021 Us COVID-19 positive test and supplementary oxygen or ventilation vs Unknown COVID-
888907) 636 797,180
19 status
1447 796,151 COVID-19 positive test and respiratory support or pneumonia vs Unknown COVID-19
status
6179 1,483,780 Critically ill vs Population-based controls with unknown COVID-19 status
GWAS 4 (PMID: ) 13,641 2,070,709 COVID-19 positive test and hospitalization vs Population-based controls with
34237774) 08-07-2021 19 countries unknown COVID-19 st:.atus ) ) )
49562 1,770,206 Reported SARS-CoV-2 infection vs Population-based controls with unknown COVID-
19 status
52,630 704,016 COVID-19 positive vs COVID-19 negative or unknown
52,630 109,605 COVID-19 positive vs COVID-19 negative
45,641 704,016 COVID-19 positive and not hospitalized vs COVID-19 negative or unknown
. COVID-19 positive and hospitalized
GV?\)lé\ 25 4? EEESM)ID. 03-03-2022 US, UK 6911 689,620 vs COVID-19 negative or unknown
2184 689,620 COVID-19 positive and severe vs COVID-19 negative or unknown
COVID-19 positive and hospitalized
6911 45,185 vs COVID-19 positive and not hospitalized
2184 45,185 COVID-19 positive and severe vs COVID-19 positive and not hospitalized
5373 35,901 COVID-19 positive test vs COVID-19 negative test
5373 95,027 COVID-19 positive test vs Population-based controls with unknown COVID-19 status
474 4159 COVID-19 positiv'e. and hospitalizeq )
vs COVID-19 positive and not hospitalized
474 99,198 COVID-19 Positive and hospital.ized
vs Population-based controls with unknown COVID-19 status
GWAS 6 (PMID: COVID-19 positive and had a cohabitant with a confirmed COVID-19 diagnosis vs
35410379) 11-04-2022 us 2022 1060 COVID-19 negative and had a cohabitant with a confirmed COVID-19 diagnosis
1060 08.507 COVID-19 negative and had a cohabitant with a confirmed COVID-19 diagnosis vs
’ Population-based controls with unknown COVID-19 status
4353 301 COVI-D—19 positi\fe and symptomatic vs COVID-19 positive and asymptomatic or
paucisymptomatic
4952 B COVID-19 positive score that combines nine different measures of COVID-19
symptom severity
GWAS 7 (PMID: . COVID-19 positive and hospitalized
35368071) 15-09-2022 Brazil 3533 1700 Vs COVID-1PQ positive and r?ot hospitalized
COVID-19 positive and hospitalized
5966 11,916 vs COVID-19 positive and not hospitalized + Population-based controls with
unknown COVID-19 status
GWAS 8 (PMID: . COVID-19 positive and hospitalized with severity signal ” vs COVID-19 positive
35708486) 16-06-2022 Spain 2379 14,375 without severity signal + Population-based contz]olsgwith unknown COVID-19 status
1128 16.754 Critically ill vs COVID-19 positive but not critically ill + Population-based controls
’ with unknown COVID-19 status
11,939 5943 COVID-19 positive vs Population-based controls with unknown COVID-19 status
GWAS 9 (PMID: Ttaly, Spain, Norway and 3255 12,488 COVID-19 Positive and hospitalized with respiratory support vs Population-based
35848042) 15-07-2022 Germany,/Austria corlt.rols V\{lth unknownv COVID-19 status )
1911 12,226 Critically ill vs Population-based controls with unknown COVID-19 status
508 ¢ 2260 ¢ Critically ill or other severe conditions  vs COVID-19 positive without severe
GWAS 10 (PMID: 31-08-2021 China symptoms + Population-based controls with unknown COVID-19 status
34465887) 474 ¢ 1615 © Critically ill or other severe conditions © vs COVID-19 positive without severe
symptoms + Population-based controls with unknown COVID-19 status
2393 3289 COVID-19 positive and hospitalized vs Population-based controls with unknown
GWAS 11 (PMID: 08-08-2022 Japan COVID-19 status
35940203) 990 3289 COVID-19 positive and hospitalized with respiratory support and/or intensive care vs

Population-based controls with unknown COVID-19 status

2 Numbers represent the total sample size of the discovery cohorts. The Host Genetics Initiative (HGI) samples used in meta-analyses were not considered, except for
the HGI study itself (GWAS 4).
b Severity was defined based on the following criteria: PaO, < 65 mmHg or SaO3 < 90% OR Pa0,/FiO; < 30 OR SaO3/FiO, < 440 OR Dyspnea OR Respiratory
frequency > 22 bpm OR Infiltrates affecting > 50% of the lungs.
¢ At least one of the following: respiratory rate > 30 times/min OR oxygen saturation < 93% at resting state OR arterial partial pressure of oxygen (PaO,)/fraction of
inspired oxygen (FiO3) <300mmHg OR pulmonary imaging examination showed that the lesions significantly progressed by >50%.
4 Samples used in the GWAS.

¢ Samples used in the Whole Genome Sequencing study.


pmid:32558485
pmid:33307546
pmid:33888907
pmid:33888907
pmid:34237774
pmid:35241825
pmid:35410379
pmid:35368071
pmid:35708486
pmid:35848942
pmid:34465887
pmid:35940203
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2.8. GWAS 8 (Cruz et al., 2022)

This GWAS analyzed 11,939 cases and 5943 general population
controls, most of which obtained from the Spanish DNA biobank (https:
//www.bancoadn.org/). Of note, there were no overlapping samples
between this Spanish cohort and the other GWASs reviewed here. This
study investigated both the risk of infection and severity by transforming
cases phenotype into a five-level severity scale: asymptomatic, mild,
moderate, severe, and critical. In addition to replicate the 3p21.31 and
21q22.11 associated loci, Cruz et al. identified novel variants at chro-
mosomes 9 and 17. They also performed sex-disaggregated analysis to
identify an unreported variant rs1826292621 (9q21.32) associated with
hospitalization risk in females only. While acknowledging the relevance
of this analysis strategy, we will not discuss this finding throughout the
manuscript in order to keep consistency regarding the analytical pro-
cedures across studies.

2.9. GWAS 9 (Degenhardt et al., 2022)

This study expanded the case and control cohorts from GWAS 1 by
recruiting additional participants from Italy (n = 6270), Spain (n =
5798), Norway (n = 324), and Germany/Austria (n = 3351) to achieve a
total of 3255 severe COVID-19 cases and 12,488 population controls. All
cases were hospitalized and further divided in two sub-phenotypes (1-
respiratory support and 2-mechanical ventilation). Variants at loci
3p21.31, 9934.2, and 19p13.2 passed the threshold of P < 5 x 10~ and
were once again replicated.

2.10. GWAS 10 (Wu et al., 2021)

This was the first published genetic association study in Asian pop-
ulation. A total of 4947 Chinese individuals were evaluated by GWAS
(controls = 1401; Mild COVID-19 = 859; Severe COVID-19 = 598) and
by Whole Genome Sequencing (controls = 948; Mild COVID-19 = 667;
Severe COVID-19 = 474). The rare Chinese-specific variant rs74490654
(19p13.11), within MEF2B gene, was associated with the risk of severe
disease (P = 1.2 x 10*8).

2.11. GWAS 11 (Namkoong et al., 2022, p. 2)

From April 2020 to January 2021, 2393 COVID-19 cases that
required hospitalization were enrolled as part of The Japan COVID-19
Task Force. By performing a GWAS with population controls (n =
3289), the authors found the variant rs60200309 (5q35) associated se-
vere disease, especially in young individuals (P = 1.2 x 107%). This
finding was replicated in an additional cohort of 1243 patients with
severe COVID-19 and 3769 controls. By using in vitro and in vivo ex-
periments, the authors functionally validated the effect of this
population-specific variant, unraveling the role of DOCK2 gene on the
host immune response to SARS-CoV-2.

3. Susceptibility genes to COVID-19

In order to identify the main genes that confer susceptibility to
COVID-19, we selected the lead variants reported by the eleven GWASs
and systematically applied the steps described in Table 2.

The lead genetic variants reported by the reviewed GWASs are listed
in Table 3. We included only the variants that surpassed the genome-
wide significance P-value threshold as defined by each study. With the
exception of GWAS 1, the remaining studies performed meta-analysis
with HGI data, in addition to the GWAS with the discovery cohort.
Thus, Table 3 includes only the variants detected in the discovery cohort
analysis with the populations listed in Table 1. Fig. 1 summarizes the
chromosome regions associated with COVID-19 across studies.

The section bellow provides a brief description of the genes under the
influence of variants within each chromosome location, by taking into
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Table 2
Methods and resources used in this Review to investigate variants and genes
identified by the COVID-19 GWASs.

Step Resource Features
Ensembl
1. Variant ic locati https: TWW.
arian: g'enormc ocz.i ion ps:/ /W \.\m ens Genome build GRCh38
and functional mapping embl.org/index.
html
Genotype-Tissue - Release v8
Expression - Data type:
2. Variant effect on transcript P y!) -
(GTEx) - expression Quantitative
abundance across human .
tissues https://g Trait Locus (eQTL)
texportal.org - splicing Quantitative Trait
/home/ Locus (sQTL)

3. Gene function and tissue/

Human Protein
Atlas (HPA)

N
cell specificity one

https://www.

proteinatlas.org/

- LDtrait: interrogates if the
variants of interest (or
variants in LD with those
variants) have previously
been associated with a
trait/disease from GWAS
catalog (Parameters: R2 >
0.6, window +/— 500Kb)

- LDpair: performs a
statistical test for

4. Assessment of linkage
disequilibrium (LD) and
allele frequencies patterns
in global populations

LDlink

https://1dlink.nci.

nih.gov/
correlation between alleles
from a pair of variants.

- LDpop: investigates allele
frequencies and LD patterns
across populations from the
1000 Genomes (1KG)
Project.

Literature review. Search

https://pubmed. terms: “Gene name/symbol”

ncbi.nlm.nih. AND “COVID-19” AND

gov/ “SARS-CoV-2".

PubMed
5. Gene role on COVID-19
pathogenesis

account the tissue-specific effect of genetic variants on transcript
abundance and the linkage disequilibrium pattern among variants, ac-
cording to the steps described in Table 2. Throughout the manuscript
preparation, we have been continuously searching for those genes across
the most up-to-date literature concerning COVID-19 pathogenesis as an
attempt to leverage genetic data interpretation.

3.1. 1q32.1

The variant rs11240388, detected in the Brazilian GWAS, locates in a
promoter flank region of DSTYK, a gene encoding a kinase involved with
cell death. According to GTEX, this variant influences the expression of
several transcripts (CNTN2, DSTYK, TMCC2, TMEMS81, RBBP5) in
different tissues. The Brazilian group suggests DSTYK as the most
important gene based on Transcription-Wide Association Analysis
(Pereira et al., 2022), however there is no experimental study linking the
gene to SARS-CoV-2 pathogenesis. Interestingly, rs11240388 is in LD
with variants rs6664706 and rs1172149, associated with distribution
width of red blood cells (Chen et al., 2020) and platelets (Astle et al.,
2016), respectively.

3.2. 3p21.31

Seven out of the 11 GWASs have identified nine lead variants at
3p21.31 with genome-wide significance (Table 3), spanning a region of
204 Kb. Some of these variants are in LD and is associated with severe
disease, while others with infection susceptibility. The 3p21.31 locus
harbors several genes potentially implicated with COVID-19 mecha-
nism, so it is likely that these variants are tagging different causal
signals.

Variants rs17213127 and rs2271616 locate at 3’UTR and promoter


https://www.bancoadn.org/
https://www.bancoadn.org/
https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://gtexportal.org/home/
https://gtexportal.org/home/
https://gtexportal.org/home/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
https://ldlink.nci.nih.gov/
https://ldlink.nci.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/

L.C. Ferreira et al. Infection, Genetics and Evolution 106 (2022) 105379

Table 3
Lead genetic variants associated with COVID-19 in eleven published GWASs.

GWAS Lead variant Chr Position Pheno Effect Allele Alternate Allele OR p-value

7 1511240388 1g32.1 205,208,489 DS G A 1.35 3.9 x 107
8 rs17213127 3p21.31 45,756,734 DS T ¢ 1.52 3.8 x 107
4 152271616 3p21.31 45,796,521 S T G 1.15 1.8 x 1073
5 152531743 3p21.31 45,796,808 1S G A 0.94 2.9 x 10712
3 rs13078854 3p21.31 45,820,440 DS G A 0.59 1.6 x 10718
4 1510490770 3p21.31 45,823,240 DS ¢ T 1.89 2.2 x 107%
1 1511385942 3p21.31 45,834,968 DS AAA AA 1.77 1.1 x 10710
2,5,9 1573064425 3p21.31 45,859,597 DS* T ¢ 2.10 3.6 x 10732
8 151994492 3p21.31 45,919,154 DS ¢ T 1.46 8.6 x 1071°
8 151994490 3p21.31 45,966,210 DS T ¢ 0.85 3.9x10°%
4 1511919389 3q12.3 101,705,614 1S ¢ T 0.94 3.5 x 1071°
11 160200309 5q35.1 170,092,608 DS A G 2.01 1.2 x107%
2 59380142 6p22.1 29,831,017 DS A G 1.30 1.8 x107%
2 15143334143 6p21.33 31,153,649 DS* A G 1.80 2.6 x 107
2 rs3131294 6p21.32 32,212,369 DS G A 1.50 1.3 x 1071
4 51886814 6p21.1 41,534,945 DS ¢ A 1.26 1.1 x107%
9 1578531133 6p12.1 56,842,705 DS A G 1.67 2.7 x 107
4 1572711165 8q24.13 124,324,323 DS ¢ T 1.37 2.1 x 107
8 1510813976 9p13.3 33,426,577 DS A G 0.18" 2.7 x 107%
9 rs687289 9q34.2 133,261,703 DS A G 1.24 45 x 10710
1 1s657152 9q34.2 133,263,862 DS A ¢ 1.32 4.9 x 107
3 59411378 9q34.2 133,270,015 IS ¢ A 0.86 5.3 x 107 %
5 15879055593 9q34.2 133,271,182 IS T ¢ 1.10 7.1 x 1073
4 15912805253 9q34.2 133,274,084 1S T ¢ 0.91 1.4 x 107%°
4 rs10774671 12q24.13 112,919,388 DS A G 1.20 41 x1071®
2 1510735079 12q24.13 112,942,203 DS A G 1.30 2.8 x 107
8 151230082 17q21.31 45,422,978 DS ¢ G 0.16" 2.1 x107%
4 rs1819040 17¢21.31 46,142,465 DS A T 0.88 1.8 x 10710
4 1577534576 17q21.33 49,863,303 DS T ¢ 1.45 4.4 x 107
9 512610495 19p13.3 4,717,660 DS G A 1.29 2.9 x 107%
2,4 152109069 19p13.3 4,719,431 DS* A G 1.26 9.7 x 1072
2,4 1574956615 19p13.2 10,317,045 DS A T 1.43 9.7 x 10712
9 1511085725 19p13.2 10,351,837 DS T C 1.31 3.2 x 107
2 1511085727 19p13.2 10,355,447 DS T ¢ 1.30 1.3 x 107"
10 1574490654 19p13.11 19,163,581 DS G ¢ 8.73 1.2 x107%
8 1577127536 19q13.12 35,687,796 DS G A -0.22" 1.3x107%
4 154801778 19q13.33 48,867,352 1S T G 0.95 1.2 x 107%
8 159636867 21¢22.11 33,237,639 1S G A 1.21 3.5 x 10710
2,4 rs13050728 21q22.11 33,242,905 DS ¢ T 0.82 1.1 x 1071
2 152236757 21q22.11 33,252,612 DS? A G 1.30 5.0 x 107
5 15190509934 Xp22.2 15,602,217 1S ¢ T 0.60 45 % 10713

Chr: chromosome. Pheno: associated phenotype. IS: infection susceptibility. DS: disease severity. Position: chromosome coordinate based on GRCh38 genome build.
OR: odds ratio.
For variants being identified by more than one study, we used OR and P-value for the most significant finding. There is no genetic variant for GWAS 6 since none of
them achieved genome-wide significance.

@ These variants were also associated with infection susceptibility.

b Beta coefficient from multinomial logistic regression, using a three-level phenotype scheme (mild, intermediate and severe).
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Fig. 1. Chromosome locations associated with COVID-19 according to the eleven published GWASs. Genetic association with loci 3p21.31 and 9q34.2 were the most
replicated findings. GWAS 6 did not find any variant-phenotype association at genome-wide significance (P < 1.25 x 107°).
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of SLC6A20 gene, also known as SIT1. This gene encodes a protein
involved with transport of imino acids (e.g. proline and hydroxyproline)
across cell membranes. The risk allele rs2271616(T) is associated with
increased transcript levels of SLC6A20, according to GTEx data. Of
importance, SLC6A20 expression is enhanced in several cell types,
including the epithelial alveolar type 2 cells (AT2), according to Human
Protein Atlas (https://www.proteinatlas.org/ENSG0000016381
7-SLC6A20). The main link between SLC6A20 and COVID-19 comes
from the functional interaction between SLC6A20 and ACE2 in the brush
border membrane of small intestine enterocytes (Camargo et al., 2020).
Interestingly, SLC6A20 and ACE2 expression levels are positively
correlated (R = 0.42, p = 1.5 x 10713 in lungs (Fig. 2), which is
consistent with a recent finding showing that both genes are predomi-
nantly expressed in AT2 (Wang et al., 2020). Yan et al. (Yan et al., 2020)
elucidated the ternary structure of a complex involving the Spike re-
ceptor binding domain (RBD), ACE2, and SLC6A19, another amino acid
transporter with 46% identity with SLC6A20. Thus, despite the lack of
experimental data demonstrating the role of SLC6A20 on SARS-CoV-2
entry mechanism, it is reasonable to assume a role for this locus on
infection susceptibility rather than disease severity, which is consistent
with GWASs findings (Table 3).

With regard to the variant rs2531743, despite of being only 287 bp
distant from rs2271616, it is located out of SLC6A20, but within an
SLC6A20-overlaping long non-coding RNA (IncRNA) gene
(ENSG00000288720). Surprisingly, the two variants are in linkage
equilibrium in all 1KG populations (% < 0.07) but in EAS (r*> = 0.30),
where the risk allele of rs2271616(T) is correlated with the protective
allele of rs2531743(G) (LDpair Tool), possibly softening the effect of
these variants on SARS-CoV-2 infection risk in EAS populations. Ac-
cording to GTEx, rs2531743 alters the expression of FYCO1 with no
effect on SLC6A20 transcript levels, thus suggesting the two variants
might be related to different causal pathways. FYCO1 encodes a protein
involved with autophagy and endoplasmic reticulum-derived double
membrane vesicle (DMV), a primary replication site for SARS-CoV-2
(Parkinson et al., 2020, p.).

The remaining variants (rs13078854, rs10490770, rs11385942,
rs73064425, rs1994492, and rs1994490) partially overlap the chro-
mosomal segment that includes the haplotype inherited from Neander-
thals (chr3:45825948-45,867,532), that has been associated with
severe disease (Zeberg and Paabo, 2020). Most of these variants are in
LD with each other and distributed in a region containing CC chemokine
receptor genes (CCRs), FYCO1, LZTFL1 and two LZTFLI-overlapping
IncRNAs  (ENSG00000288720 and  ENSG00000285788). A
Transcriptome-Wide Association Study (TWAS) showed that risk alleles
are associated with increased expression of CCR2 (pro-inflammatory)
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and decreased expression of CCR3 and CXCR6 (Pairo-Castineira et al.,
2021). Recently, a Phenome-Wide Association Study with over 300,000
European individuals, suggested that these genetic variants influence
COVID-19 risk by altering blood cell traits with CCRs as mediators
(CCR6 for eosinophil and neutrophil counts and CCR2/CCR1 for
monocyte count) (Zhou et al., 2021). Some of these variants are also
eQTL for LZTFL1, SLC6A20 and FYCO1. LZTFL1 regulates protein traf-
ficking to the ciliary membrane (Seo et al., 2011) and is highly expressed
in nasopharynx and bronchi (https://www.proteinatlas.org/ENS
G00000163818-LZTFL1). Therefore, this locus seems to harbor genes
that confer susceptibility to infection (LZTFL1 and SLC6A20) and severe
COVID-19 risk (chemokine receptors genes). Recently, Yao et al
confirmed CCR9 and SLC6A20 as the causal genes from 3q21.21 locus by
applying CRISPR/Cas genome editing tool in bronchial epithelium and
immune cell types (Yao et al., 2021), while Downes et al., using a similar
approach, found LZTFL1 as the effector gene and rs17713054 as the
causative variant (Downes et al., 2021). Of note, this variant is in LD (2
> 0.8, LDlink) with the other four variants (rs13078854, rs10490770,
1511385942, rs73064425).

3.3. 3q12.3

There was only one genetic variant (rs11919389) found in this locus.
This variant is in LD with rs11720745 (r2 > 0.9), a regulatory variant
located in the promoter of CEP97. This gene encodes the centrosomal
protein 97 involved with ciliogenesis (Dobbelaere et al., 2020, p. 97)
(Pearson, 2011) and highly expressed in nasopharynx and bronchus
tissues (https://www.proteinatlas.org/ENSG00000182504-CEP97).
Thus, CEP97 along with LZTFL1 seem to play role in the interaction
between BBsome and basal body proteins during cilia formation, a
process relevant to SARS-CoV-2 pathogenesis. The viral protein ORF10
causes cilia loss by downregulating host proteins of BBsome complex (e.
g. BBS4) involved with ciliogenesis (Wang et al., 2022, p. 10). Inter-
estingly, GWAS 4 showed that the variant rs11919389 was not associ-
ated with severe disease (P > 10~%) but with susceptibility to infection
(P=3.5x 1019

3.4. 5¢35.1

This locus was associated with COVID-19 in the Japanese GWAS,
through the identification of rs60200309, an intergenic variant near
DOCK2 gene. There is no eQTL for this variant in GTEx, but Namkoong
et al. found the risk allele rs60200309(A) associated with decreased
expression of DOCK2 in the blood of patients with age < 65 years (n =
270; p = —2.15, P =0.0030) (Namkoong et al., 2022, p. 2). The Japanese

Fig. 2. Potential role of SLC6A20 on sus-
ceptibility to SARS-CoV-2 infection.

A. Gene expression levels between
SLC6A20 and ACE2 are positively corre-
1. lated in lungs (Spearman correlation test.
/'_‘.' Data from GTEx via GEPIA (Tang et al.,
¢ 2017)). TPM: transcript per million. B.
:‘. ' AcE2 .- Proposed functional interaction of proteins
s~ 0 in alveolar type 2 cell (AT2). Unlike ACE2
' o and TMPRSS2, the role of SLC6A20 on
S TMPRSS2 SARS-CoV-2 infection remains to be
'.._: elucidated.
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group extensively demonstrated that downregulation of DOCK2 impairs
macrophage migration, decreases expression of type I IFN genes (IFNA
and IFNAB) and increases expression of IFNG, IL-6 and CCL5, in both
humans and hamsters infected with SARS-CoV-2 (Namkoong et al.,
2022, p. 2).

3.5. 6p22.1

The variant rs9380142 locates at the 3’-UTR of HLA-G, a gene
involved with immunetolerance in pregnancy but also in antiviral
response by modulating NK, CD8 T cells and B cells (LeMaoult and Yan,
2021). According to GTEx, rs9380142 is associated with HLA-G alter-
native splicing transcripts (sQTL) in both whole blood (P = 107%7) and
lung (P = 1073°). Interestingly, patients with severe COVID-19 present
higher serum levels of soluble HLA-G, a molecule produced via alter-
native splicing (Al-Bayatee and Adhiah, 2021). In addition, the variant is
also eQTL for HLA-A, with the risk allele rs9380142(A) being associated
with lower levels of HLA-A in whole blood (P = 1.6 x 10’22, GTEXx).
Viral-derived peptides are presented by HLA-A-restricted CD8 T cells via
IFNG-induced immunoproteasome pathway. Recently, Shkurnikov et al
reported HLA-A alleles as associated with early death from COVID-19
(before 60 years old) in Russian and Spanish cohorts (Shkurnikov
et al., 2021).

3.6. 6p21.33

Despite being physically located within CCHCRI, the variant
rs143334143 does not alter CCHCR1 expression in whole blood and
lung, according to GTEx. Instead, the risk allele A is associated with
increased expression of MIR6891 in whole blood (NES = 0.92; P = 1.2 x
1073%) and lung (NES = 0.89; P = 7.4 x 10729, This gene encodes a
micro-RNA that targets IgA-related mRNAs (IGHA1 and IGHA2) for
degradation (Chitnis et al., 2017). Thus, it is likely that individuals
carrying rs143334143(A) allele produce low levels of IgA, the immu-
noglobulin type that dominates the neutralizing antibody response
against SARS-CoV-2 (Sterlin et al., 2021).

3.7. 6p21.32

Rs3131294 is an intronic variant that is in LD (r2 = 0.99) with
rs3132946, a variant associated with fibrotic idiopathic interstitial
pneumonias (Fingerlin et al., 2013). Notch4 was recently reported to
contribute to lung inflammation in severe COVID-19 patients by
impairing the action of the tissue repair cytokine amphiregulin (Areg)
(Harb et al., 2021, p. 4). In addition, rs3131294 is eQTL for several
COVID-19 candidate genes, including AGER (inflammation, highly
expressed in lungs’ alveolar cells type 1), complement system genes
(C4A, C4B, CFB), antigen-processing genes (MHC class II genes, TAP1),
MIR6891, and NOTCH4. Once again, another link between locus 6p21
and IgA appears (in addition to MIR6891), since rs3131294 is in LD with
1$9271366 (r> = 0.66; Population: EUR), a variant associated with
serum IgA levels (Ferreira et al., 2010). Of note, the risk allele
1s$3131294(G) for severe COVID-19 (Table 2) is correlated with the risk
allele rs9271366(A) for IgA deficiency (Chi-sq = 667, P < 0.0001,
LDpair Tool).

3.8. 6p21.1

The variant rs1886814 is located within FOXP4-AS, a IncRNA gene
that upregulates FOXP4 (Wu et al., 2019), a transcriptional repressor
that modulates the expression of lung-specific genes involved with
epithelial injury response and mucus production (Chokas et al., 2010)(Li
et al., 2012). In line with this, rs1886814 is eQTL for a single gene in a
single tissue: FOXP4 in lung (P = 0.000003, GTEx). Another variant in
FOXP4-AS1 (rs1853837) was also reported as associated with severe
COVID-19 in the Chinese study (GWAS 10) (Wu et al, 2021).
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Interestingly, these two variants were more strongly correlated in EAS
and AMR (r? ~ 0.65) populations compared to others 1KG populations
(r? < 0.2 for AFR, EUR and SAS).

3.9. 6pi2.1

The variant rs78531133 is located in the protein coding gene DST,
but within the intronic promoter for its antisense IncRNA (DST-AS). DST
encodes for dystonin, a cytoskeleton linker protein with role in herpes
simplex virus 1 intracellular transport (McElwee et al, 2013).
Rs78531133 is not in LD with any variant present in the GWAS Catalog
and there was no eQTL for this varint in GTEx.

3.10. 8q24.13

Rs72711165 is an intron variant in TMEM65, a gene encoding the
transmembrane protein 65. The depletion of TMEM65 in human
cultured cells induced oxidative stress, apoptosis and activation of
mitochondrial unfolded protein response pathway (Urushima et al.,
2020, p. 65). There is no eQTL reported in GTEx database nor any dis-
ease/trait associated with this variant in GWAS Catalog. Thus, we
consider premature to speculate any mechanism linking the locus
8924.13 to COVID-19.

3.11. 9p13.3

Rs10813976 is an intergenic variant located between the aquaporin
coding genes AQP7 and AQP3. The top eQTL for this variant is AQP3 in
lung, with the risk allele A being associated with the lowest transcript
levels (GTEx, P = 3.3 x 1072%). Zhu et al. experimentally demonstrate
that the self-healing capacity of lung airway was impaired in AQP3-
knockout mice (Zhu et al., 2016). Interestingly, Bayraktar et al. found
increased levels of aquaporin-1 in the serum of critically ill COVID-19
patients (Bayraktar et al., 2022).

3.12. 9934.2

This is the ABO locus, one of the most replicated association findings,
representing the genetic basis for the relationship between ABO blood
groups and COVID-19 risk (Liu et al., 2021). Rs657152, rs9411378, and
15879055593 are intronic variants, but only the former is located within
transcription factors binding site, whereas rs912805253 is located in the
promoter of ABO gene, and is eQTL for ABO, according to GTEx. Inter-
estingly, rs657152 and rs912805253 are in LD (® > 0.8) with two
relevant variants: 1) rs643434, a variant associated with inflammatory
biomarkers including IL-6 and C-reactive protein (Naitza et al., 2012);
and 2) rs687289, a variant associated with coagulation factor levels
(Factor VIII, von Willebrand factor) (Sabater-Lleal et al., 2019) and
venous thromboembolism risk (Lindstrom et al., 2019). This variant is
also associated with monocyte and lymphocyte counts (data from GWAS
catalog through LDtrait tool).

3.13. 12q24.13

OAS genes encode an interferon-induced enzyme that synthetizes
dimers of 2'-5'-oligoadenylates which is involved in the activation of
ribonuclease L (RNase L), which in turn degrades viral RNA (Schoggins,
2021). OASI1 is highly expressed across the lung tissue, especially in
respiratory epithelial cells and lung macrophages (https://www.prote
inatlas.org/ENSG00000089127-OAS1 /tissue). The variant rs10735079
is located within OAS3 while rs10774671, a splice acceptor variant,
within OAS1. In line with this, rs10774671 is sQTL for OAS1, with the
risk allele rs10774671(A) being associated with a dramatically reduc-
tion in OAS1 expression in whole blood (P = 6.6 x 1072?7) and lung (P
= 4.0 x 1071%8), according to GTEx. Therefore, it is reasonable to as-
sume rs10774671 as the causal variant of 12q24.13 locus since it has
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been experimentally validated in patients with severe COVID-19
(Wickenhagen et al., 2021).

3.14. 17q21.31

Two variants (rs1230082 and rs1819040), 719 Kb apart from each
other, were found in this locus. Rs1230082 localizes within ARHGAP27,
a gene enconding a Rho GTPase activating protein involved with
clathrin-mediated endocytosis. Rs1819040 is an intron variant of
KANSL1 that is located in a high-density gene region. This gene may
control the transcription of its neighbor genes through acetylation of
nucleosomal histone H4. Despite no clear relationship between the
genes at 17q21.31 and COVID-19, rs1819040 is in LD with rs56108300,
a variant associated with neutrophil counts (Chen et al., 2020). The high
number of blood neutrophils is associated with severe COVID-19 likely
through the role of neutrophils in immunothrombosis (Reusch et al.,
2021). Lastly, the two variants are in linkage equilibrium (r? varying
from 0.06 to 0.19 in all 1KG populations), thus suggesting they are
tagging distinct causal variants.

3.15. 17q21.33

The variant rs77534576 is located in a regulatory region and in-
fluences the expression of DLX3 in lung (GTEx). DLX3 codes for a ho-
meobox transcription regulator known to upregulate proinflammatory
cytokines and favoring the accumulation of macrophages through
STAT3 signaling in skin (Bhattacharya et al., 2018, p. 3). We speculate
that this gene may play similar function in the lung tissue. There was no
trait associated with this variant in the GWAS catalog.

3.16. 19p13.3

Variants rs12610495 and rs2109069 are in LD and both located
within DPP9, a gene enconding the cytosolic dipeptidyl peptidase 9,
known to inhibit the caspase-1-dependent pyroptosis by interacting with
the inflammasome proteins NLRP1 (Hollingsworth et al., 2021) and
CARDS (Sharif et al., 2021, p. 8). Of note, the rs2109069(A) risk allele is
associated with reduced expression of DPP9 (P = 1.7 X 10’9, tissue:
lung, GTEx), therefore, favoring lung injury due to the exacerbation of
inflammatory response. In addition, rs2109069 is in LD with
rs12610495 (r2 = 0.88), a missense variant reported as associated to
idiopathic pulmonary fibrosis risk in several independent studies (Allen
et al., 2020; Fingerlin et al., 2013).

3.17. 19p13.2

The 1574956615 is located in the 3’UTR region of RAVERI, a gene
encoding a ribonucleoprotein involved with alternative splicing regu-
lation of tropomyosin 1 (TPM1) pre-mRNA (Rideau et al., 2006, p. 1).
Bradbury et al., recently demonstrated that tropomyosin isoform 2.1
(Tpm2.1) is a key element during the TGF-p1-driven extracellular matrix
(ECM) remodeling that leads to pulmonary fibrosis (Bradbury et al.,
2021). In addition, according to GTEx database, rs74956615 is eQTL for
TYK2 (P = 9.1 x 10>, tissue: whole blood) and SHFL/C190rf66 (P =
9.4 x 1073, tissue: whole blood), two relevant genes for COVID-19
pathogenesis. The former gene codes for the tyrosine kinase that phos-
phorylates the interferon-alpha/beta receptor while SHFL is an RNA
binding protein known to inhibit the translation of viral RNA and has
antiviral activity against SARS-CoV-2 (Lee et al., 2021). Therefore, it is
not clear if this locus influence COVID-19 risk by either Raver1-Tpmi-
ECM remodeling or by other unknown mechanism leading to TYK2 and
SHFL impaired expression. Lastly, rs74956615 is associated with platelet
indices (plateletcrit) such as mean platelet volume and platelet distri-
bution width (Astle et al., 2016) and chronic inflammatory diseases
(Ellinghaus et al., 2016) in European-ancestry individuals, what in-
creases the likelihood of 19p13.2 being a true causal locus.
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The other two variants found within 19p13.2 (rs11085725 and
rs11085727) are distant by 3.6 Kb, and in LD with each other, but not
correlated with rs74956615 (> < 0.1 in all 1KG population).
Rs11085727 is located within TYK2 and both variants are eQTL for
TYK2 (P =8.4 x 10_16, tissue: whole blood). In addition, these variants
are also eQTL for intercellular adhesion molecules ICAM3, p = 9.8 x
10712, tissue: whole blood; ICAMS, p=19 x 107, tissue: Heart-Left
ventricle), key molecules involved in both T-cell and neutrophils trans
endothelial migration and immune cells- and antibody-mediated cyto-
toxicity (Ostermann et al., 2002). In line with this, rs11085727 is
associated with neutrophil percentage and lymphocyte counts (Astle
et al., 2016).

3.18. 19p13.11

Rs74490654 is an intron variant of MEF2B, a gene encoding an
immune-metabolism transcriptional regulator, with role on lymphocyte
development and activation (Clark et al., 2013). Recently, Wu et al.
identified MEF2C as one of the mediators of ORAII-mediated Ca2+
signaling effect on the expression of antiviral genes involved with
resistance to SARS-CoV-2 infection in vitro (Wu et al., 2022, p. 1).

3.19. 19p13.12

The variant rs77127536, detected in GWAS 8, is eQTL for several
genes in whole blood (UPK1A, ARHGAP33, ETV2, KMT2B, U2AF1L4),
although it is localized in an intergenic region. This variant is not
associated with any trait in GWAS Catalog according to the LDtrait
search criteria. Cruz et al. identified ARHGAP33 as one of the most
biologically plausible gene (Cruz et al., 2022), and just as rs1230082
(17921.31), the variant rs77127536 is also related to a Rho GTPase
activating protein (ARHGAP27). However, the mechanism by which
these kind of proteins contributes to SARS-CoV-2 pathogenesis remains
to be elucidated.

3.20. 19q13.33

In lung, the variant rs4801778 is eQTL for TULP2, HSD17B14, and
PLEKHA4, according to GTEx. Although with unknown function, TULP2
belongs to the tubby-like protein (TULP) family that is involved with
ciliary protein trafficking (Hong et al., 2021), thus a potential compo-
nent of the respiratory primary barrier. HSD17B14 is an enzyme that
catalyzes the conversion of estradiol to estrone, in addition to promote
inflammation through NFkB (Qureshi et al., 2020). PLEKHA4 codes for a
protein that binds specifically to phosphatidylinositol 3-phosphate
(PI3P), the precursor of phosphatidylinositol 3,5-bisphosphate (PI(3,5)
P2). The inhibition of PI-3P-5-kinase, the enzyme that converts PI3P in
PI(3,5)P2, prevents the SARS-CoV-2 infection (Kang et al., 2020).
Therefore, we speculate that Plekha4 binding would render PI3P un-
available to PI-3P-5-kinase, thus protecting the cell from SARS-CoV-2
infection likely via endosomal trafficking disruption.

3.21. 21q22.11

The three variants found in this locus (rs9636867, rs13050728,
rs2236757) are located within IFNAR2 introns, and correlated with each
other (r* > 0.8). Curiously, these variants are associated with differen-
tial IFNAR2 transcript processing according to the tissue type (sQTL),
with opposite direction effects in blood vs lung. The risk alleles
rs13050728(T) and rs2236757(A) are associated with reduced expres-
sion of IFNARZ2 in whole blood and increased IFNARZ2 expression in lung,
based on GTEx data. In addition, the three variants are also eQTL for the
antiviral gene IL10RB in several tissues, including lung.
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3.22. Xp22.2

The genetic variant rs190509934 is located within a transcription
factor-binding site of ACE2 regulatory region. This gene encodes the
membrane-bound receptor used by SARS-CoV-2 to infect host cells. The
protective allele rs190509934(C) of this genetic variant, is associated
with lower levels of ACE2 expression and with 40% reduction in the risk
of infection for those carrying one copy of the protective allele
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(Horowitz et al., 2022). Of note, the protective allele was not found in
East Asian populations, and its frequency varies, respectively, from
0.14% to 0.65% in European and African populations, according to
gnomAD database (Karczewski et al., 2020).

4. Key mechanisms linking genetic variants to COVID-19

In this section, we functionally integrated the susceptibility genes
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Fig. 3. Mechanisms underlying COVID-19 based on the genetic variants identified by GWASs. The genes associated with COVID-19 phenotypes are highlighted in
bold. In the top panel, biological processes predominantly occurring in the upper respiratory tract, such as mucociliary clearance (A), viral-entry (B) and mucosal
immunity (C). The genetic variants related to those genes are associated with susceptibility to infection (IS phenotype, Table 3). Impairment in these processes caused
by the combined effect of risk alleles may favor the passage of higher viral loads to the lower airways until the alveolar space, contributing to the disease worsening.
Immune modulatory processes, including antiviral immune response (D), inflammasome/piroptosis, leukocyte trafficking and migration (E), drive the mechanism
underlying severe disease. The genetic variants controlling those processes are associated with disease severity (DS phenotype, Table 3). Variants rs643434 and
rs687289 are in LD with the variants in ABO locus (9q34.2), and associated with the concentration of blood markers of coagulation (F). The other variants are
associated with the amount of circulating leukocytes and platelets. Altogether, this quantitative effect on blood cells and proteins potentially links these genetic loci

to immunothrombosis (F), an event frequently found in COVID-19 patients.
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described in the previous section, taking into account its cellular loca-
tion, function, and pathways of relevance to COVID-19 pathogenesis.
We also leveraged the COVID-19 phenotype associated with the variants
from Table 3 (infection susceptibility or disease severity) aiming to have
better insights about disease mechanism.

The genetic component underlying the risk of infection and/or mild
disease seems to be related to biological processes occurring in the upper
airways, such as mucociliary clearance, mucosal immunity and the
initial phases of viral infection (Robinot et al., 2021) (Fig. 3). Some of
the variants associated with genes influencing infection susceptibility
(Table 3) are involved with ciliogenesis and mucus production (LZTFL1,
CEP97, FOXP4, TULP2) or genes with function in viral entry and viral
replication processes (SLC6A20, FYCO1, ACE2). In addition, two inde-
pendent variants at 6p21 (rs143334143 and rs3131294) seems to in-
fluence antigen presentation and IgA production. According to the
results from GWAS 4, the variants rs2271616 (SLC6A20), rs11919389
(CEP97) and rs4801778 (PLEKHA4, TULP2) were associated with sus-
ceptibility to infection rather then disease severity (p < 0.004 for the test
of effect size difference between phenotypes Hospitalized vs Reported
infection). The ABO gene at 9q34.2 was also consistently associated with
infection susceptibility in GWASs 3-5. Interestingly, ABO locus was
associated with critical COVID-19 cases in GWAS 1, however, those
patients did not had the opportunity to be treated with corticosteroids, a
game changer COVID-19 therapy. ABO encodes the glycosyltransferase
responsible for the ABO blood group system. There is evidence that Anti-
A and anti-B antibodies in individuals of blood group O might target
glycoproteins in the virus surface, impairing the viral-entry process
(Pendu et al., 2021). In addition, the variants at the ABO locus influence
the concentration of blood markers of coagulation and thus may be
involved with the risk of thromboembolitic events in COVID-19 patients.

Conversely, several genes playing roles in antiviral immune response
(RAVERI1, IFNAR2, OAS, SHFL, HLA-A, HLA-G) were under the control of
some of the association loci summarized in this Review. Of note, several
COVID-19-associated variants influence the expression of genes within
IFN pathway while other loci targeted genes involved with inflamma-
tion and/or lung injury response (CCRI1, CCR9, CXCR6, NOTCH4,
FOXP4, DPP9) (Fig. 3). Interestingly, locus 3q21.31 harbors variants
associated with both infection susceptibility (rs2271616, rs2531743), as
well as severe disease (rs13078854, rs10490770, rs11385942,
1s1994492). In line with this, Nakanishi et al showed that individuals
younger than 60 years old carrying the risk allele rs10490770(C) are
almost two times more likely to develop severe COVID-19 (death or
severe respiratory failure) when compared to those carriers aged above
60 (Nakanishi et al., 2021).

QTL: quantitative trait locus. ER: endoplasmic reticulum. DMV:
double membrane vesicle. CCRs: chemokine receptors. Areg: amphir-
egulin. ISRE: interferon-sensitive response element. ISG: Interferon-
stimulated genes.

5. Limitations

The findings summarized in this Review should be interpreted with
caution since most of the associated variants came from studies biased
towards European-ancestry samples and thus might not be generalizable
to other non-European populations. The identification of population-
specific variants (e.g. Chinese - rs74490654/MEF2B and Japanese -
rs60200309/DOCK2) underscores the importance to conduct large
genomic studies in diverse populations. In addition, most of the genetic
studies reviewed here have used GWAS approach, which focuses on
variants with minor allele frequencies >0.01, not accounting for the
effect of rare genetic variants on disease risk. Therefore, future studies
using whole genome sequencing approach will be crucial to fully dissect
the genetic architecture of COVID-19.
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6. Conclusions

The unprecedented effort from the scientific community to unravel
the genetic basis of COVID-19 has consistently identified genes with
high biological plausibility. The genes involved with infection suscep-
tibility participate in biological processes more relevant to the upper
airways, while the genes associated with severe outcomes are related to
antiviral and inflammatory responses in the lower airways, especially in
alveolar type 2 cells and leukocytes. This should be considered when
selecting target genes for development of new therapeutic strategies.
Indeed, some of the genes listed here (ICAM1, CCR9), especially those
from IFN pathway (IFNAR2, IL10RB, TYK2), encode actionable proteins
targeted by drug candidates currently in clinical trials or already
approved (Gaziano et al., 2021). Lastly, further researches should also
expand the studied phenotypes, in order to understand the genetic
component underlying COVID-related complications such as thrombotic
events, neurological impairment, and long COVID.
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