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Single nucleotide variants in the
CCL2, OAS1 and DPP9 genes and
their association with the
severity of COVID-19 in an
Ecuadorian population
Erik Chávez-Vélez1†, Francisco Álvarez-Nava 1*†,
Alisson Torres-Vinueza1, Thalía Balarezo-Díaz1, Kathya Pilataxi1,
Camila Acosta-López1, Ivonne Z. Peña2 and Katherin Narváez2

1Carrera de Biologı́a, Facultad de Ciencias Biológicas, Universidad Central del Ecuador,
Quito, Ecuador, 2Unidad de Cuidados Críticos de Adultos, Hospital Quito Sur del Instituto Ecuatoriano
de Securidad Social, Quito, Ecuador
COVID-19 has a broad clinical spectrum, ranging from asymptomatic-mild form

to severe phenotype. The severity of COVID-19 is a complex trait influenced by

various genetic and environmental factors. Ethnic differences have been

observed in relation to COVID-19 severity during the pandemic. It is currently

unknown whether genetic variations may contribute to the increased risk of

severity observed in Latin-American individuals The aim of this study is to

investigate the potential correlation between gene variants at CCL2, OAS1, and

DPP9 genes and the severity of COVID-19 in a population from Quito, Ecuador.

This observational case-control study was conducted at the Carrera de Biologia

from the Universidad Central del Ecuador and the Hospital Quito Sur of the

Instituto Ecuatoriano de Seguridad Social (Quito-SUR-IESS), Quito, Ecuador.

Genotyping for gene variants at rs1024611 (A>G), rs10774671 (A>G), and

rs10406145 (G>C) of CCL2, OAS1, and DPP9 genes was performed on 100

COVID-19 patients (43 with severe form and 57 asymptomatic-mild) using RFLP-

PCR. The genotype distribution of all SNVs throughout the entire sample of 100

individuals showed Hardy Weinberg equilibrium (P=0.53, 0.35, and 0.4 for CCL2,

OAS1, and DPP9, respectively). The HWE test did not find any statistically

significant difference in genotype distribution between the study and control

groups for any of the three SNVs. The multivariable logistic regression analysis

showed that individuals with the GG of the CCL2 rs1024611 gene variant had an

increased association with the severe COVID-19 phenotype in a recessive model

(P= 0.0003, OR = 6.43, 95% CI 2.19-18.89) and for the OAS1 rs10774671 gene

variant, the log-additive model showed a significant association with the severe

phenotype of COVID-19 (P=0.0084, OR=3.85, 95% CI 1.33-11.12). Analysis of

haplotype frequencies revealed that the coexistence of GAG at CCL2, OAS1, and

DPP9 variants, respectively, in the same individual increased the presence of the

severe COVID-19 phenotype (OR=2.273, 95% CI: 1.271-4.068, P=0.005305). The
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Abbreviations: ARDS, Acute Respiratory Distress Synd

Index; COVID-19, Coronavirus Disease 2019; CT, Co

GWAS, Genome-Wide Association Study; HWE, Hardy
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Ratio along with the corresponding 95% confidence

Polymerase Chain Reaction-based Restriction Fragment

PCR, Polymerase Chain Reaction; RT-qPCR, Reverse Tr

Polymerase Chain Reaction; SARS-CoV-2, Severe Acute

Coronavirus 2; SNV, Single Nucleotide Variant; VOC
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findings of the current study suggests that the ethnic background affects the

allele and genotype frequencies of genes associated with the severity of COVID-

19. The experience with COVID-19 has provided an opportunity to identify an

ethnicity-based approach to recognize genetically high-risk individuals in

different populations for emerging diseases.
KEYWORDS

association genetic study, COVID-19, CCL2, DPP9,OAS1, gene variant, Hardy-Weinberg
equilibrium, SNV
1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) is the pathogen responsible for the extremely contagious

infection known as coronavirus disease 2019 (COVID-19). The

virus has spread around the world since it first appeared in Wuhan,

China, in late 2019 and reached Ecuador in February 2020 (Guevara

et al., 2022). One of the countries with the most severe impact

worldwide has been Ecuador. According to the Coronavirus

(COVID-19) Dashboard (https://covid19.who.int/) by the World

Health Organization (WHO), as of March 2023, the pandemic had

accumulated more than one million confirmed cases in Ecuador,

including over 36,000 deaths (WHO, 2023) with a cumulative

mortality rate of 204.9 per 100,000 inhabitants (Observatorio

Social del Ecuador, 2024 https://www.covid19ecuador.org/

fallecidos). The COVID-19 pandemic has had profound effects on

Ecuador’s health systems as well as its social, economic, and

political areas. As humanity emerges from the pandemic, public

health research continues to focus on understanding COVID-19

and protecting populations from its future impacts.

SARS-CoV-2 infection causes a broad clinical spectrum,

ranging from asymptomatic-mild form to acute respiratory

distress syndrome (ARDS) requiring invasive mechanical

ventilation and potentially leading to death (Wang et al., 2020;

Pairo-Castineira et al., 2021). Furthermore, there is evidence of

individual differences in susceptibility to COVID-19 (Wang et al.,

2020; Fricke-Galindo and Falfán-Valencia, 2021). Host-associated

variables, such as advanced age, male sex, hypertension, and

diabetes mellitus, have been shown to significantly influence the
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susceptibility and severity of COVID-19 (Biswas et al., 2021;

Bollyky et al., 2022). However, these risk variables are insufficient

to explain fully the great phenotypic variability of COVID-19. The

COVID-19 phenotype (susceptibility to infection and/or disease

severity) is believed to be a complex trait influenced by various

genetic and environmental factors. Due to the unpredictable nature

of the COVID-19 course, significant efforts have been made to

identify reliable prognostic factors. However, the predictive capacity

of such biomarkers to detect individuals at risk of developing the

severe form of COVID-19 in different ethnic populations is limited.

In addition, ethnic differences have been described in relation to

age-standardized diagnosis rates, hospitalizations, and mortality

during the pandemic (Tai et al., 2022). A complex genetic

predisposition may contribute to adverse COVID-19 outcomes

(Niemi et al., 2022). This is supported by findings such as family

clustering of severe cases and severe disease presentation among

young women with no comorbidities. It is unclear whether genetic

variations contribute to the increased risk of susceptibility and

severity observed in Latin-American individuals (Niedzwiedz et al.,

2020). Other factors, such as high poverty levels, poor vaccination

campaigns, larger multigenerational households, and a higher

prevalence of comorbidities, may explain the higher rates of

susceptibility and death due to SARS-CoV-2 infection in these

populations (Mathur et al., 2021). Therefore, it is essential to have a

more comprehensive understanding of the genetic factors that

contribute to the risk of Latin-American populations. This

knowledge will aid in population risk stratification and the

implementation of preventive measures to protect the most

vulnerable individuals.

The COVID-19 Host Genet ics Ini t iat ive (ht tps : / /

www.covid19hg.org/), is a global network dedicated to investigating

the role of human genetics in SARS-CoV-2 infection and COVID-19

severity. Chromosomal regions associated with increased disease

susceptibility (OAS1, OAS2, and OAS3 genes, a gene cluster that

encodes antiviral restriction enzyme activators), pulmonary fibrosis

and antigen presentation and antiviral signaling (DPP9 gene),

association with innate immune response (IFNAR2) and activation to

cytokine storm(TYK2) havebeen reported (Pairo-Castineira et al., 2021;

Velavan et al., 2021). In ameta-analysis of 46 studies from 19 countries,

totaling 49,562 cases and 2 million controls, researchers found a
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significant association at 3p21.31. Carriers of the C allele of SNV

rs10490770 of LZTFL1 gene with an age <60 years had a significantly

increased risk of progressing to death or severe respiratory failure

(Genomewide Association Study of Severe Covid-19 with Respiratory

Failure, 2020; Nakanishi et al., 2021). These genome-wide association

studies (GWASs) are mainly conducted in developed countries with

well-established health systems, better infrastructure, and qualified

scientific staff. In addition, a difference in allele and genotype

frequencies at SNV rs10490770 among ethnic groups was found,

which correlated with susceptibility and severity for COVID-19 in

individuals of South Asian ancestry (Downes et al., 2021). Variations

in allele and genotype frequencies in other SNVs that confer risk for

COVID-19 have also been described in populations of African descent

(Barashet al., 2020).This supports thehypothesis that geneticdifferences

could contribute to ethnic disparities in the observed COVID-19

phenotype. On the other hand, the creation of vaccines has been

shown to be the most successful strategy for limiting the spread of

COVID-19 (Chen et al., 2022; Nohynek and Wilder-Smith, 2022).

Nevertheless, the efficacy and durability of vaccines have been

questioned due to the emergence of new variants of concern (VOC)

with different epidemiological and biological features (Cao et al., 2022;

Chenchula et al., 2022). Therefore, obtaining more data on human

genetic variants in Latin American populations is crucial due to high

interbreeding. This will better prepare global health policymakers for

future pandemics.

TheCCL2gene is part of a cluster of cytokinegeneson the longarm

of chromosome17. This gene encodes a protein that acts as a ligand for

the C-C chemokine receptors CCR2 and CCR4 and induces a strong

chemotactic response. Chemokines are a superfamily of secreted

proteins that play a role in immunoregulatory and inflammatory

processes. Neural tube defects and human immunodeficiency virus

type 1 are among the diseases associated with the CCL2 gene. The

cytokineCCL2 is chemotactic formonocytes andbasophils, butnot for

neutrophils or eosinophils. The migration of monocytes and

macrophages to sites of infection and inflammation is strongly

supported by CCL2. Its function in the early immune response is

essential for the initiation of a successful antiviral defense (Conrady

et al., 2013). SARS-CoV-2 is associatedwith increasedexpressionof the

encoded protein (Bagheri-Hosseinabadi et al., 2024). The SNV

rs1024611 of the CCL2 gene was significantly associated with

COVID-19 severity (including the 1000 Genomes Project, P = 0.001)

(Rüter et al., 2022). On the other hand, the OAS1 gene is located at

12q24.13, a chromosomal region previously associated with the severe

form of COVID-19 in genome-wide association studies (Pairo-

Castineira et al., 2021). The OAS1 gene encodes the enzyme 2′-5′
oligoadenylate synthetase 1 (2-5A), an activator of ribonuclease L

(RNaseL), that degrades viral RNA in the host cell, blocks viral

replication and inhibits viral protein synthesis. The SNV rs10774671

of theOAS1 gene is a G→A transition in the last nucleotide of intron 5

of theOAS1 gene, which affects the nonsense-mediated decay and the

splicing site and controls the differential expression of isoforms with

lower enzymatic activity (Bonnevie-Nielsen et al., 2005; Kjær et al.,

2014). Immunodeficiency 100 with Pulmonary Alveolar Proteinosis

and Hypogammaglobulinemia and Infantile-Onset Pulmonary

Alveolar Proteinosis-Hypogammaglobulinemia are two diseases

associated with the OAS1 gene. In addition, SNVs in this gene have
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been associated with susceptibility to viral infections, including

diabetes mellitus type 1 and SARS-CoV-2. Similarly, the DDP9 gene

is located on chromosomal region 19p13.1. This regionwas also found

to be associated with disease severity in COVID-19 (Pairo-Castineira

et al., 2021; Pathak et al., 2021). This gene encodes a serine protease,

withpost-prolinedipeptidylaminopeptidaseactivity that cleavesoffN-

terminal dipeptides from proteins having a Pro or Ala residue at

position 2. DDP9 functions as a key inhibitor of caspase-1-dependent

monocyte and macrophage pyroptosis in quiescent cells by delaying

activation of NLRP1 and CARD8, which form the active part of the

inflammasomes (Hollingsworth et al., 2021). DPP9-related diseases

include Hatipoglu Immunodeficiency Syndrome and Interstitial Lung

Disease 2. Associated pathways include pulmonary fibrosis.

Suppression of pyroptosis and inflammasome activation play is now

known to play a key role in breaking the cycle of viral replication and

preventing amplification of SARS-CoV-2 (Sefik et al., 2022). DDP9

also plays an important role in mediating lung damage in cases of

severeCOVID-19 (Wanget al., 2021).Two intronic polymorphisms in

theDPP9genehavebeen associatedwith the severe formofCOVID-19

and worse clinical outcome in infected individuals (Pairo-Castineira

et al., 2021; Horowitz et al., 2022).

Thus, the aim of this study was to investigate the potential

association between genic variants at rs1024611 (A>G), rs10774671

(A>G), and rs10406145 (G>C) of CCL2, OAS1, and DPP9 genes,

respectively, and the severity of COVID-19 in a population from

Quito, Ecuador.
2 Materials and methods

2.1 Design and study subjects

This observational case-control study was conducted at the

Carrera de Biologia from the Universidad Central del Ecuador and

the Hospital Quito Sur of the Instituto Ecuatoriano de Seguridad

Social (Quito-SUR-IESS), Quito, Ecuador. The hospital served as a

referral center for COVID-19 in Quito, Ecuador. The study

included 100 patients with COVID-19 who voluntarily

participated. COVID-19 was diagnosed based on clinical and

radiologic findings upon hospital admission. However, the study

only included patients who were confirmed to have SARS-CoV-2

through the Reverse Transcription quantitative Polymerase Chain

Reaction (RT-qPCR) test from nasal swabs at the time of

hospitalization. The eligible patients were then divided into two

groups: the Case group, which included patients with severe

COVID-19 disease, and the Control group, which included

patients with asymptomatic or mild COVID-19 disease. All

subjects were from the Andean (Sierra) region of Ecuador.

The study group comprised of 43 consecutively enrolled

patients of both sexes who suffered from severe COVID-19

during the Omicron VOC-dominant wave from October 2021 to

March 2022. Severe phenotype was defined as patients who had a)

significant respiratory distress (respiratory rate >30/min); b) a chest

computed tomography (CT) scan demonstrating a viral pneumonia

pattern due to diffuse infiltration of both lungs greater than 50%

(CORADS 6); c) the need for mechanical ventilation due to
frontiersin.org
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respiratory failure (PaO2/FiO2 ≤ 100mmHg (with PEEP ≥ 5cm

H2O) and SpO2/FiO2 ratio <300); and d) the need for monitoring

and treatment in an intensive care unit. It is important to note that

all participants in the Case Group had received two doses of the

SARS-CoV-2 vaccine.

The study’s control group comprised 57 healthcare workers

from the same hospital who cared for COVID-19 patients admitted

to the intensive care unit during the first wave of the pandemic

(March-May 2020). All subjects had the asymptomatic-mild

phenotype, and none of the COVID-19 patients in the control

group had been vaccinated or required mechanical ventilation

during the study. Asymptomatic patients were defined as those

who had a positive RT-qPCR for SARS-CoV-2 with a close contact

history but no clinical symptoms or signs during follow-up. Patients

with a positive RT-qPCR test for COVID-19 were considered to

have the mild form of the disease if they experienced the following

symptoms: fever, headache, muscle/joint pain, fatigue, cough, and

sore throat; respiratory rate <30/minute; SpO2 level above 93% in

room air; and no evidence of pneumonia on lung CT. The

individuals in the control group evolved satisfactorily without

respiratory complications or the need for hospitalization. This

method of subject selection was carried out to identify COVID-

19-related alleles.

Exclusion criteria for both groups included consanguineous

individuals, HIV-positive subjects, children, pregnant or lactating

women, refugees or displaced persons, and persons with little or no

knowledge of the Spanish language.

Participants were asked to provide demographic and

anthropometric data, including age, sex, height, and weight, as

well as clinical information such as previous comorbidities,

medication intake, and hospitalization, including intensive care

unit admission. Data from asymptomatic-mild COVID-19

patients (control group) was collected using a questionnaire

application by qualified medical specialists. Comorbidities

reported by participants were grouped together and their

combined effect was weighted in the regression analysis.
2.2 Ethical considerations

The study was conducted in accordance with human rights and

the principles of the Declaration of Helsinki, including subsequent

revisions. The research protocol (MSP-CGDES-2020-0244-O1) was

approved by the Comite de Etica para la Revisión Expedita de

Investigaciones en COVID-19 of the Ministerio de Salud Publica of

Ecuador in accordance with relevant guidelines and regulations.

Written informed consent was obtained from all participants,

including healthy individuals, prior to their inclusion in the

study. If participants were unable to sign due to their condition,

we obtained consent from their legal representatives. Participants

provided written consent for sample withdrawal, biological sample

processing, and the use of medical records. The samples and data

were collected by hospital staff members who had no interaction

with the researchers conducting the molecular tests.
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2.3 Molecular analysis

2.3.1 DNA extraction and quality
Ten milliliters of venous blood were collected from each

participant using EDTA anticoagulant tubes. DNA was extracted

using the Column-Pure Blood Genomic DNA (ABM, Vancouver,

Canada) kit according to the manufacturer’s instructions. The

extracted DNA was quantified using the Qubit dsDNA BR

ASSAY Kit (21000 ng 100RX) with the Qubit fluorometer

(Invitrogen, Massachusetts, USA). The quality of the DNA was

assessed using the Microtek Bio-1000F program scanner (Microtek

International Inc., Hsinchu City, Taiwan) after 1.5% agarose gel

electrophoresis at 80V for one hour. The isolated DNA was then

diluted to a working concentration of 50 ng/mL before genotyping

and stored at -20°C.

2.3.2 Genotyping of single-nucleotide variants of
CCL2, OAS1 and DPP9 genes

The polymerase chain reaction-based restriction fragment

length polymorphism method (PCR-RFLP) was used to analyze

three polymorphic SNVs: CCL2 rs1024611, OAS1 rs10774671, and

DPP9 rs10406145 (see Supplementary Table S1). The primer

sequences, annealing temperature, restriction enzymes, and

restriction digestion pattern are presented in Supplementary

Table S2.

The PCR master mix and thermocycler settings (Applied

Biosystems MiniAmp, Thermo Fisher Scient ific Inc. ,

Massachusetts, USA) were performed according to previously

published protocols (Qiu et al., 2008; Noguchi et al., 2013; Tu

et al. , 2015) with modifications. The components and

concentrations of each PCR run are described in detail in

Supplementary Table S3. The PCR products were electrophoresed

on 1.5% agarose gels in the blueGelTM system (48V, 45 minutes)

(MiniPCR Bio, Massachusetts, USA). The products were then

digested with their respective restriction enzymes and

electrophoresed in 3% agarose gels using Thermo ScientificTM

equipment (120V, 2 hours) (Thermo Fisher Scientific Inc.,

Massachusetts, USA).

PCR product sizes were used to determine the alleles and

genotypes for each sample. The G allele is represented by two

fragments of 91 plus 45 bp for the CCL2 rs1024611 variants, while

the A allele is indicated by a band of 136 bp. A heterozygous

individual (GA) is designated by the combination of both G and A

bands, i.e., 136/91/45 bp (Tu et al., 2015). The OAS1 rs10774671

gene variant was analyzed by digesting the 306 bp PCR products

with the restriction enzyme AluI. The presence of the A allele was

indicated by two bands, 255 and 51 bp, while the G allele was

represented by a single band of 306 bp. A heterozygous genotype

(GA) was demonstrated using two segments of 306 and 255 bp

(Noguchi et al., 2013). The PCR products for the DPP9 rs10406145

variant were analyzed, revealing segments of 139 and 114 bp that

identified the G and C alleles, respectively. A heterozygous patient

(GC) can be identified by the presence of two bands (139 and 144

bp) (Qiu et al., 2008). To ensure the reproducibility and quality of
frontiersin.org
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genotyping of PCR-RFLP, 10% of all samples were randomly

sequenced, and the results showed complete matching.
2.4 Statistical analysis

The data analysis was performed using Microsoft Excel 2019,

GraphPad InStat 7.00 (GraphPad Software, Inc., La Jolla, CA, USA),

SNPStats (https://www.snpstats.net; RRID : SCR_002142), the

HardyWeinberg statistical package for R Studio (Graffelman,

2015), the TernaryPlot webpage (https://www.ternaryplot.com/)

and SHEsis software (http://analysis.bio-x.cn/; RRID :

SCR_002958). The general features of the participants are

described as number (n) and proportions of cases and continuous

variables are expressed as mean ± standard deviation (SD) under

conditions of normal distribution and skewed data as median and

rank. Age was presented as both a continuous and a categorical

variable (<50 and ≥50 years). The Kolmogorov–Smirnov test was

used to determine the probability distributions of variables. To

compare the proportions of categorical variables, i.e., differences in

the percentages of sex, obesity, comorbidities, and subjects between

case and control groups, the two-proportion z-test was used. A

Student t-test was performed to compare means between groups for

continuous variables. The association between qualitative variables

and COVID-19 phenotype was examined using Chi-square (c2).
Results as determined by 95% confidence intervals (95% CI) and a

P-value of <0.05 were considered to be statistically significant. The

analysis considered several independent variables, including age,

sex, obesity, and comorbidities, as well as alleles and genotypes.

These variables were exported to a multivariable logistic regression

analysis, with the severe phenotype of COVID-19 serving as the

dependent variable. The purpose was to assess the individual effect

of each variable on the COVID-19 phenotype and control for

possible confounders. The final multivariable model set a

significance level of P < 0.05 for two-sided tests.

Allele and genotype frequencies were calculated by direct

counting and expressed as proportions and percentages. Using

the exact, c2, the likelihood ratio, and the permutation tests, allele

and genotype frequencies were examined to determine whether the
Frontiers in Cellular and Infection Microbiology 05
groupswere inHardy-Weinberg equilibrium (HWE) (Graffelman and

Weir, 2016). A De Finetti diagram was generated using the interface

from TernaryPlot webpage (https://www.ternaryplot.com/) to

represent HWE. Fisher’s exact test was used to compare allele and

genotype frequencies between the case and control groups. The P-

values were adjusted using the Bonferroni correction to determine the

significance ofmultiple testing at each feature geneticmodel (P < 0.05/

n, where n is the number of alleles or genotypes analyzed).

The odds ratios along with the corresponding 95% CI between

the wild-type and the mutant alleles were tested for each SNV to

examine the strength of associations between the different alleles

and clinical phenotype of COVID-19. The association between

SNVs and the existence of a severe phenotype in COVID-19 was

then further examined in different genetic models (crude analysis).

Adjusted odds ratios were used to assess the association between

CCL2, OAS1, and DPP9 genotypes and the presence of severe

COVID-19 phenotype, after controlling for age, sex, obesity,

and comorbidities.

Linkage disequilibrium (LD) and haplotype blocks were

analyzed among the three SNVs using SHEsis freeware (online

version). The degree of LD was evaluated using the standardization

coefficient (D′) and the correlation coefficient (r2). The stronger LD

between two SNVs was defined as having values ofD’ or r2 that were

closer to one.
3 Results

3.1 Demographic characteristics
of participants

The clinical characteristics of the subjects in this study are

described in Table 1. A total of 100 patients with COVID-19 with a

mean ± SD of 49.47 ± 12.59 years old (median (P10, P90)/(min,

max) of 49.21 (32.13, 67.38)/(25.25, 80.08) years old), including 63

males and 37 females, were enrolled from subjects admitted to

Quito-SUR-IESS Hospital from Quito, Ecuador. Fifty-seven

COVID-19 patients with an asymptomatic-mild phenotype from

healthy staff served as the control group and 43 patients with severe
TABLE 1 Clinical features of participants.

Clinical Features
Case Group† (n=43) Control Group† (n=57)

z/c2 P
n Proportion n Proportion (%)

Age (years)

Mean ± SD 56.77 ± 12.11 43.97 ± 9.93 4.66 <0.0001*

< 50 14 0.33 39 0.68
12.655 0.0003

≥ 50 29 0.67 18 0.32

Sex
Male 33 0.77 30 0.53

6.113 0.0134
Female 10 0.23 27 0.47

Obesity 15 0.35 6 0.11 2.960 0.0030

Comorbidities 10 0.23 4 0.07 2.316 0.0203
fron
† Subjects from the control group were unvaccinated, whereas all individuals in the case group had received two doses of the SARS-CoV-2 vaccine. * Paired t-test. Kolmogorov–Smirnov test
statistic is 0.08062.
tiersin.org

https://www.snpstats.net
https://www.ternaryplot.com/
http://analysis.bio-x.cn/
https://www.ternaryplot.com/
https://doi.org/10.3389/fcimb.2024.1322882
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
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COVID-19 served as the case group. Comorbidities were reported

in 14 participants (study group (n=10) and control group (n=4)),

including arterial hypertension (n=6), diabetes mellitus type I (n=1)

and type 2 (n=4), rheumatoid arthritis (n=2), epilepsy (n=1);

chronic renal insufficiency (n=1) and chronic obstructive

pulmonary disease (n=1). Four patients had more than one

comorbidity. A male preponderance was observed in the case

group (male vs female: 33 vs 10), whereas there was no sex

difference in the male to female ratio in the control group (male

to female: 30-to-27). As a result, a statistically significant sex

difference was found between the case and control groups (P=

0.013). Patients with the severe phenotype of COVID-19 were also

older (P= 0.0003) and more likely to be obese (P= 0.0030) than

those with the asymptomatic-mild phenotype. Additionally,

individuals in the case group were more likely to have comorbid

conditions than individuals in the control group (P=0.0203).
3.2 Comparison of allele and genotype
frequencies of SNVs in CCL2 rs1024611,
OAS1 rs10774671 and DPP9 rs10406145
between case and control groups and
Hardy-Weinberg test

The allele and genotype frequencies for each SNV in the CCL2,

OAS1, andDPP9genes are listed inTable 2.The results showed that the

minor allele frequencies (MAFs) of the OAS1 rs10774671 and DPP9

rs10406145 gene variants were low, ranging from 0.16 to 0.19 in the

case group and 0.12 to 0.21 in the control group, respectively. In

comparison, the MAFs for the CCL2 rs1024611 gene variant were

higher in the case and control groups (0.23 and 0.49, respectively). The

allele frequencies of OAS1 and DPP9 showed no significant difference

between the case and control groups (z-statistic andP-value: 0.428 and

0.669, and 0.804 and 0.421, respectively). The frequency of the CCL2

rs1024611-G allele was significantly higher in the case group (OR =

3.186, 95% CI 1.713 to 5.963, z-statistic: 3.66 and P=0.0003).

Hardy-Weinberg equilibrium was observed in the genotype

distribution of all SNVs in the entire sample of 100 individuals

(exact test; P=0.53, 0.35, and 0.4 for CCL2, OAS1, and DPP9,

respectively) (Table 2, Supplementary Table S4, and Figure 1). In

addition, the HWE test revealed no statistically significant

difference in the genotype distribution between the study and

control groups for any of the three SNVs.
3.3 Univariate analysis of the associations
between the alleles and genotypes of three
loci and the presence of the severe
phenotype of COVID-19

For each of the three SNVs considered, we examined the odds

ratios between the wild-type and the mutant alleles. The association

between the SNVs and the presence of a severe phenotype in COVID-

19 was then further investigated in different genetic models.

No allele or genotype of theOAS1 orDPP9 loci was significantly

associated with the severe COVID-19 phenotype. However, in a
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recessive model, the GG genotype of the CCL2 rs1024611 gene

variant showed a significant association with the severe clinical

manifestation of COVID-19 (P<0.0001, OR = 5.71, 95% CI 2.38-

13.70), while in an overdominant model, the AA genotype showed a

protective effect against the severe clinical phenotype of (P=0.0044,

OR = 0.30, 95% CI 0.13-0.71).
3.4 Multivariable logistic regression analysis
of the associations between the alleles and
genotypes of three loci and the presence
of the severe phenotype of COVID-19

The real association between the CCL2, OAS1, and DPP9 variants

and the presence of the severe COVID-19 phenotype was examined

usingmultivariable logistic regression analysis to control the influence

of age, sex, obesity, and comorbidities. Similarly, none of the alleles or

genotypes of the DPP9 gene variant were significantly associated with

the severe phenotype of COVID-19 according to the results of the

multivariable logistic regression analysis (Table 3). When the GG

genotype of the CCL2 rs1024611 gene variant was examined among

individuals with different clinical manifestations of COVID-19, its

distribution was associated with an increased association with the

severe COVID-19 phenotype in a recessive model (P = 0.0003,

OR = 6.43, 95% CI 2.19-18.89). Similarly, the AG genotype showed a

protective effect against the severe form of COVID-19 in an over

dominant model (P=0.0029, OR = 0.21, 95% CI 0.07-0.62). For the

OAS1 rs10774671 gene variant, the log-additive model showed a

significant association with the severe phenotype of COVID-19

(P=0.0084, OR=3.85, 95% CI 1.33-11.12).
3.5 Stratification analysis of the correlation
between CCL2, OAS1, and DPP9 variants
and COVID-19

Using age-based stratification analysis in adjusted genetic

models, the interaction of CCL2, OAS1, and DPP9 SNVs with the

presence of the severe COVID-19 phenotype was examined. No

interaction between age and CCL2 rs1024611 and OAS1 rs1024611

variants was associated with severe COVID-19. In contrast, the CC

genotype at DPP9 rs10406145 was associated with severe COVID-

19 in individuals younger than 50 years in an adjusted dominant

model (interaction P value=0.021, OR=7.67, 95% CI 2.75-21.42).

On the other hand, a significant association between the GG

genotype of the DPP9 rs10406145 gene variant and the severe

form of COVID-19 was found in males in an adjusted recessive

genetic model (OR = 4.47, 95% CI 1.04-19.21).
3.6 Analysis of CCL2, OAS1 and DPP9 SNV
haplotypes and correlation with severe
phenotype of COVID-19

For rs1024611 in CCL2, rs10774671 in OAS1, and rs10406145

in DPP9 gene variants, further haplotype block analysis and linkage
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1322882
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
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TABLE 2 Allele and Genotype Frequencies and Hardy-Weinberg equilibrium in SNVs.

SNV allele frequencies (n=100)

Allele
All subjects Case Group Control Group c2/Fisher

Count Proportion Count Proportion Count Proportion P

CCL2

G 124 0.62 66 0.77 58 0.51
0.0001

A 76 0.38 20 0.23 56 0.49

OAS1

A 160 0.8 70 0.81 90 0.79
0.668

G 40 0.2 16 0.19 24 0.21

DPP9

G 172 0.86 72 0.84 100 0.88
0.419

C 28 0.14 14 0.16 14 0.12

SNV genotype frequencies (n=100)

Genotype All subjects Case Group Control Group

CCL2

GG 40 0.4 27 0.63 13 0.23

GA 44 0.44 12 0.28 32 0.56

AA 16 0.16 4 0.09 12 0.21

OAS1

GG 2 0.02 0 0 2 0.04

AG 36 0.36 16 0.37 20 0.35

AA 62 0.62 27 0.63 35 0.61

DPP9

GG 75 0.75 30 0.7 45 0.79

GC 22 0.22 12 0.28 10 0.18

CC 3 0.03 1 0.02 2 0.04

Exact test for Hardy-Weinberg Equilibrium

CCL2 GG AA GA G A P-value

All subjects 40 44 16 124 76 0.53

Case Group 27 12 4 66 20 0.19

Control Group 13 32 12 58 56 0.43

OAS1 GG AA AG G A

All subjects 62 36 2 160 40 0.35

Case Group 27 16 0 70 16 0.31

Control Group 35 20 2 90 24 1

DPP9 GG CC GC G C

All subjects 75 22 3 172 28 0.4

Case Group 30 12 1 72 14 1

Control Group 45 10 2 100 14 0.18
F
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disequilibrium were performed (Supplementary Table S5).

Haplotype block analysis revealed that two of the three loci

formed a single haplotype block. However, the haplotypes

generated from this block were not associated with the severe

COVID-19 phenotype (Table 4). Frequency distributions of seven

major haplotypes (AAC, AAG, AGG, GAC, GAG, GGG, AGC, and

GGC, identified by SHEsis software) in cases and controls are

shown in Table 5. When the ACC, AAG, and GAG haplotype

frequencies were compared between individuals with severe

COVID-19 and asymptomatic-mild controls, the results indicated

a significant difference between the frequencies of these haplotypes

in patients with severe COVID-19 (P=0.001598). Haplotype

frequency analysis revealed that the coexistence of CCL2

rs1024611-G, OAS1 rs10774671-A, and DPP9 rs10406145-G

alleles in the same individual increased the presence of the severe

COVID-19 phenotype (OR=2.273, 95% CI: 1.271-4.068,

P=0.005305). In contrast, the frequency of the AAG haplotype

was significantly lower in patients with the severe COVID-19

phenotype than in controls (P=0.000804), which was associated

with a protective effect against the severe clinical COVID-19

phenotype (OR = 0.328, 95% CI: 0.168-0.639). Other haplotype

f requenc ie s and the COVID-19 phenotype d id not

significantly correlate.
4 Discussion

Genome-wide association studies (GWAS) and candidate SNV

association analyses have identified genes associated with the

COVID-19 phenotype (Pairo-Castineira et al., 2021; Pathak et al.,

2021; Rüter et al., 2022). Numerous studies indicate that host
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genetic variants play a significant role in the severity of COVID-

19 (Williams et al., 2020); as a result, the interaction of genetic and

environmental factors may partially account for the observed

phenotypic spectrum in COVID-19. Furthermore, there are data

highlighting ethnic differences in the prevalence of the severe

phenotype of COVID-19 (Webb Hooper et al., 2020; Oda et al.,

2021; Ishak et al., 2022; Tai et al., 2022). Because different

populations have distinct genetic backgrounds, there may be

variations in the allele and genotype frequencies of genes

associated with COVID-19. Consequently, the role of these gene

variants may vary among ethnically different populations. Several

candidate genes have been evaluated to estimate their association

with COVID-19, but the effect of gene variants on the phenotypic

spectrum of COVID-19 in Latin American populations is largely

unexplored and needs to be investigated. The present study focused

on the association between the SNVs CCL2 rs1024611, OAS1

rs10774671, and DPP9 rs10406145 and severe COVID-19 in a

population from Quito, Ecuador. We compared the allele and

genotype frequencies in an attempt to find genetic markers that

are associated with the COVID-19 phenotype in a mixed

Ecuadorian population with a high level of Native American

ancestry. The results of the current study support the notion that

the geographic location of populations affects the allele and

genotype frequencies of SNVs, and they also emphasize the

importance of genetic population studies in ethnically

diverse groups.

Ecuador is currently a multiethnic society. Multiple migration

and admixture events, including Native American settlements and

the movement of Western European and Sub-Saharan African

individuals, have influenced on the complex pre- and post-

Columbian demographic history of Ecuador. However, patterns

of admixture varied widely across Ecuador, in part due to

geographic region (Santangelo et al., 2017; Nagar et al., 2021). For

example, Mestizos (mixed individuals) are the most prevalent

ethnic group in the Andean highlands (Sierra) of Ecuador,

although Native American ancestry is estimated to make up

about 65% of this Mestizo population, which is higher than any

other mixed American group observed in South America, except for

Peru (Santangelo et al., 2017; Nagar et al., 2021).

For the gene variants analyzed in this study, few publications

have reported allele and genotype frequencies for Latin American

populations. The MAF for the rs1024611 A→G variant of the CCL2

gene was 0.28 in 233,286 individuals, according to data from the

Allele Frequency Aggregator (ALFA) pipeline of the National Center

for Biotechnology Information (NCBI). This contrasts with the

results of the present study. In the Asian population, the G allele of

this gene variant is 0.56, which is closer to our study. However, the

frequency reported in groups in Mexico and Peru with a strong

Native American ancestry is comparable to that found in the current

study (Flores-Villanueva et al., 2005; Ganachari et al., 2012). Notably,

the frequency of the A allele for the rs1024611 variant of the CCL2

gene was higher in a Latin American population with a highWestern

European ancestry compared to that found in our study (Velez

Edwards et al., 2012).

The same scenario is also observed for rs10774671 of OAS1 and

rs10406145 of DPP9 gene variants in our study, where the allele and
FIGURE 1

De Finetti diagram each dot shows allele and genotype frequencies
for the general group of the following markers: rs1024611 (A>G) for
CCL2, rs10774671 (A>G) for OAS1, and rs10406145 (G>C) for DPP9.
The parable in red shows the acceptance region for the Hardy-
Weinberg equilibrium, markers that fall below the parable are said to
be in HWE. AA= Homozygous for the major allele, AB=
Heterozygous, BB=Homozygous for the minor allele.
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genotype frequencies are very similar in Latin American

populations with high Native American ancestry (Sánchez-

González et al., 2021) and with East Asian populations, but they

differ significantly fromWestern European and African populations

(European Bioinformatics Institute, 2023). The correspondence in

the genetic structure between the East Asian population and the

participants in our study could be explained by a common ancestral
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origin, as has been reported for the HLA marker system between

Han Chinese and South American Native populations (Tokunaga

et al., 2001). Native Americans are descended from migrations of

Asian populations that crossed the Bering land bridge from East

Asia during glacial periods 15,000 to 30,000 years ago. However, the

fixation of alleles in populations with recent admixture, such as the

Ecuadorian population, may be influenced by other factors such as
TABLE 3 SNV associations with the severe form of COVID-19 (n=100, adjusted analysis by covariables).

CCL2

Model Genotype Control Group Case Group OR (95% CI) P-value AIC BIC

Codominant

AA 12 (21.1%) 4 (9.3%) 1.00

0.0014 107.1 125.3AG 32 (56.1%) 12 (27.9%) 0.67 (0.14-3.29)

GG 13 (22.8%) 27 (62.8%) 4.81 (1.01-22.89)

Dominant
AA 12 (21.1%) 4 (9.3%) 1.00

0.39 117.5 133.1
AG-GG 45 (79%) 39 (90.7%) 1.84 (0.44-7.70)

Recessive
AA-AG 44 (72.2%) 16 (37.2%) 1.00

0.0003 105.3 121
GG 13 (22.8%) 27 (62.8%) 6.43 (2.19-18.89)

Overdominant
AA-GG 25 (43.9%) 31 (72.1%) 1.00

0.0029 109.3 125
AG 32 (56.1%) 12 (27.9%) 0.21 (0.07-0.62)

Log-additive — — — 3.09 (1.41-6.79) 0.0027 109.2 124.8

OAS1

Codominant

GG 2 (3.5%) 0 (0%) 1.00

0.0047 109.5 127.7AG 20 (35.1%) 16 (37.2%) 0.00 (0.00-NA)

AA 35 (61.4%) 27 (62.8%) 0.00 (0.00-NA)

Dominant
GG 2 (3.5%) 0 (0%) 1.00

0.0046 110.2 125.8
AG-AA 55 (96.5%) 43 (100%) 0.00 (0.00-NA)

Recessive
GG-AG 22 (38.6%) 16 (37.2%) 1.00

0.045 114.2 129.8
AA 35 (61.4%) 27 (62.8%) 3.00 (0.98-9.21)

Overdominant
GG-AA 37 (64.9%) 27 (62.8%) 1.00

0.25 116.9 132.5
AG 20 (35.1%) 16 (37.2%) 0.54 (0.19-1.56)

Log-additive — — — 3.85 (1.33-11.12) 0.0084 111.3 126.9

DPP9

Codominant

CC 1 (2.3%) 2 (3.5%) 1.00

0.17 116.7 134.9GC 12 (27.9%) 10 (17.5%) 0.10 (0.00-2.12)

GG 30 (69.8% 45 (79%) 0.25 (0.01-4.40)

Dominant
CC 1 (2.3%) 2 (3.5%) 1.00

0.29 117.1 132.7
GC-GG 42 (97.7%) 55 (96.5%) 0.23 (0.01-3.94)

Recessive
CC-GC 13 (30.2%) 12 (21.1%) 1.00

0.28 117.1 132.7
GG 30 (69.8%) 45 (79%) 1.81 (0.61-5.37)

Overdominant
CC-GG 31 (72.1%) 47 (82.5%) 1.00

0.11 115.6 131.3
GC 12 27.9% 10 17.5% 0.39 (0.12-1.25)

Log-additive — — — 1.28 (0.52-3.16) 0.59 117.9 133.6
frontier
Covariables: age (<50 and ≥50 years), sex, obesity, and comorbidities. Bold font represents OR (95% CI) and P values which are statistically significant.
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genetic drift, including bottleneck and founder effects. This

similarity also seems to be observed in the clinical setting. For

example, in a German study, the G allele in the rs1024611 variant of

CCL2 was found to have a protective effect against the severe form

of COVID-19 in the codominant model (OR = 0.56, 95% CI = 0.39-

0.78; P = 0.001), and the frequency of the A allele was higher than

that reported in our study (Rüter et al., 2022).

In contrast, our data showed that the GG genotype is associated

with the severe COVID-19 phenotype in a recessive model. The GG

genotype was also consistently associated with SARS-CoV infection

in four independent case-control studies in populations of Chinese

ancestry (Tu et al., 2015). Thus, the clinical effect of these SNVs may

vary in ethnically diverse populations. In a molecular context, the

gene variant has been shown to confer increased transcriptional

activity with higher levels of CCL2 mRNA and protein in vivo and

in vitro. In addition, greater leukocyte tissue infiltration has been

reported in carriers of the GG genotype compared to individuals

with the A allele (Gonzalez et al., 2002; Mühlbauer et al., 2003;

McDermott et al., 2005; Li et al., 2022). Thus, individuals with the

GG genotype may have a higher expression of CCL2 and,

consequently, a higher attraction of monocytes and macrophages,

which is associated with the severe COVID-19 phenotype.

Our study showed a significant increase in the frequency of the

G allele (77%) and the GG genotype (63%) in CCL2 in individuals in

the case group compared to those in the control group. These

findings suggest a possible association between the rs1024611-G

variant in CCL2 and the severe form of COVID-19 in an

Ecuadorian population. In addition, we found that the CCL2

rs1024611-G allele had a significantly higher frequency in the
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case group after adjustment for age (<50 and ≥50 years), sex,

obesity (BMI ≥30), and comorbidities, and rs1024611-G was

found to be associated with the severe phenotype of COVID-19

in a recessive genetic model. Similarly, the OAS1 rs1024611-GG

genotype was found to be associated with the severe COVID-19

phenotype in a log-additive genetic model. In contrast, no

significant associations with the severe COVID-19 phenotype

were found for the allele or genotype of DPP9 rs10406145 in our

study. However, we showed that the DPP9 rs10406145-GG

genotype was more common in the asymptomatic-mild group

compared to individuals with the severe COVID-19 phenotype.

Nonetheless, this latter difference did not meet the more stringent

0.005 level of statistical significance required by the Bonferroni

correction. This association would likely reach significance in a

study with a larger cohort.

Although the genes analyzed in our study have been associated

with monogenic and multifactorial traits (coronary artery disease,

immunodeficiency 100 with pulmonary alveolar proteinosis and

hypogammaglobulinemia, resistance to HIV-1, susceptibility to

Mycobacterium tuberculosis and spina bifida, among others), no

correlation was found between CCL2 and any COVID-19-related

comorbidities in a GWAS that included inflammatory protein-

coding genes in older males (Hillary et al., 2020). Furthermore,

another study that used the GWAS approach to relate changes in

metabolite and protein levels, including CCL2, to intermediate

phenotypes found no correlation with COVID-19-related

comorbidities (Suhre et al., 2017). However, in one study, the

OAS1 gene rs11066453 variant (p=4.53×10-9) was associated with

1-hour oral glucose tolerance test (OGTT) hyperglycemia (1-hPG),
TABLE 4 Haplotype Distribution of OAS1 rs10774671 and DPPL6 rs10406145 gene variants in the Case and Controls Groups.

Haplotype Cases (n/%) Control (n/%) c2 P OR (95% CI)

AG 19 26 0.0143 0.9047 1.888 (0.886-4.022)

AC 7 9 0.004 0.9496 1.037 (0.368-2.916)

GG 11 19 0.6818 0.4089 0.667 (0.296-1.502)

GC 5 1 ———— 0.0539* 7.368 (0.844-64.32)
*Fisher´s test applied: actual value less than 5.
TABLE 5 Haplotype analysis of the loci CCL2, OAS1, and DPP9.

Case (freq) Control (freq) c2 Fisher´s P Pearson`s P Odds Ratio [95%CIJ

A A C 0.00 (0.000) 6.29 (0.055) 4.898 0.026925 0.026902 ———

A A G 15.41 (0.179) 45.56 (0.400) 11.245 0.000804 0.000803 0.328 (0.168-0.639)

A G G 4.47 (0.052) 4.15 (0.036) 0.287 0.592180 0.592179 1.450 (0.370—5.688)

G A C 11.94 (0.139) 7.71 (0.068) 2.802 0.094211 0.094149 2.222 (0.857—5.761)

G A G 42.65 (0.496) 34.44 (0.302) 7.779 0.005305 0.005299 2.273 (1.271-4.068)

G G G 9.47 (0.110) 15.85 (0.139) 0.371 0.542605 0.542598 0.766 (0.325—1.808)

A G C 0.12 (0.001) 0.00 (0.000) 0.165 0.684247 0.684248 ———

G G C 1.94 (0.023) 0.00 (0.000) 2.595 0.107269 0.107202 ———
Global result: Global c2 = 23.202652 (df—7; frequency <0.001 in both case and control group has been dropped). Fisher´s P-value is 0.001598 and Pearson´s P value is 0.001571. Bold font
represents P values and OR (95% CI) which are statistically significant.
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but not fastingplasmaglucose or 2-hP (Go et al., 2013). Similarly, SNV

rs10410207 in theDPP9 gene was shown to be significantly correlated

with 2-hydroxyoctanoate levels in a study assessing lipid

concentrations in elite athletes (Al-Khelaifi et al., 2019). Mendelian

randomization studies between genetic variations associated with

COVID-19 and its comorbidities may provide relevant data in

this regard.

Studies have shown that the prevalence of the severe form of

COVID-19 is significantly higher in males than in females when

adjusted for age and comorbidities (Williamson et al., 2020; Gao

et al., 2021; Shelton et al., 2021; Song et al., 2021). In our study,

individuals with the severe phenotype of COVID-19 had

significantly different mean age and BMI, as well as the presence

of obesity and comorbid conditions, compared with the control

group. We found a significant sex difference between the case and

control groups (P= 0.013), but the stratified analysis showed no

interaction between sex and the CCL2 rs1024611 or OAS1 rs1024611

variants and the severe COVID-19 phenotype. However, the presence

of the DPP9 rs10406145-GG genotype showed a fourfold greater

association with the severe form of COVID-19 in males than in

females in a recessive genetic model (OR = 4.47, 95% CI 1.04-19.21),

after adjustment for other confoundingvariables. Incontrast,we found

that in those individuals younger than 50 years, the CC genotype at

DPP9 rs10406145 was associated with severe COVID-19.

Nevertheless, after Bonferroni correction, this association was not

significantly associated with the severe phenotype. It is plausible that

specific genes influencing the severe COVID-19 phenotype may be

associatedwith comorbidities.However, no significant interactionwas

found between the gene variants analyzed and pre-existing medical

comorbidities in our subjects.

Allele arrangements that tend to be inherited together are called

haplotypes. Twoof the three lociwere found to forma single haplotype

block in the current analysis. However, no association with the severe

phenotype of COVID-19 was observed in the haplotypes generated

from this block. According tomultivariate logistic regression analysis,

the CCL2 rs1024611-GG genotype may be independently associated

with severe COVID-19. However, haplotypes are often more

predictive of disease-related genes than are individual SNVs. Our

results showed that the severe COVID-19 phenotype was associated

with the co-occurrence of theCCL2 rs1024611-G,OAS1 rs1024611-A,

and DPP9 rs10406145-G alleles. Thus, it is possible that the GAG

haplotype may be involved in the presence of the severe phenotype of

COVID-19 in the Ecuadorianpopulation. In contrast, the frequency of

the AAGhaplotype, which is formed by the same genetic variants, was

lower in patients with severe COVID-19 than in patients with

asymptomatic-mild COVID-19. Thus, the AAG haplotype may have

a protective effect against the severe phenotype of COVID-19 in the

Ecuadorian population.

Our study has several strengths. To obtain a more precise effect

size, we used a covariate-adjusted multivariate model associated

with the presence of COVID-19 severity. We were unable to include

all factors associated with COVID-19 severity. Nonetheless, we

consider that we have accounted for the most important

confounding variables in our study, which would make our

results more robust. We also analyzed different genetic models

and selected the best one based on the lowest of the AIC values and
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P-values among the four inheritance patterns, although the most

ideal model has not been established (Horita and Kaneko, 2015).

We also performed haplotype analysis of the alleles of non-linked

genes. Thus, these gene variants are subject to the Mendelian law of

independent assortment. They are not affected by the process of

crossing over. Therefore, the combination of haplotypes is useful in

gene-disease association analysis to more precisely associate alleles

or genotypes.

The SARS-CoV-2 Omicron VOC (B.1.1.529 lineage) first emerged

in South Africa in November 2021 and has since spread quickly

around the world (Jassat et al., 2022). The emergence of this fifth VOC

coincidedwith a global increase in vaccine immunity. Compared towild

type andpreviousVOCs,Omicron is distinguishedby anumber of spike

proteinmutations that are known to result in increased transmissibility,

viral binding affinity, and antibody escape (Harvey et al., 2021; Karim

and Karim, 2021; Sheikh et al., 2022). However, current evidence

suggests that Omicron may be associated with a less severe clinical

presentation compared with the previous variants of SARS-CoV-2

(Jassat et al., 2022). Studies from South Africa, the United Kingdom,

and the United States have reported significantly lower odds of

hospitalization and severe disease in Omicron-infected individuals

compared to those infected with previous VOCs. According to one

study, although more SARS-CoV-2 cases were documented during the

Omicron wave, hospitalization rates were lower, and patients who were

admittedhadamuchshortermedian lengthof stayandwere less likely to

be severely ill than patients admitted during previouswaves (Jassat et al.,

2022). According to the UK Health Security Agency (UKHSA),

Omicron patients were also less likely to visit or be admitted to the

hospital than those infected with the Delta variant (Wolter et al., 2022).

Similarly,Omicron-infected individualswere reported tohave a reduced

risk of hospitalization compared to Delta-infected individuals (Sheikh

et al., 2022). Likewise, Omicron subjects were reported to require less

respiratory support than in previousVOCs (Christensen et al., 2022). As

noted above, several factors, including VOCs, reinfection with SARS-

CoV-2, and vaccination, influence the clinical severity of COVID-19.

Omicronhasasignificant reinfectionrate (Pulliametal., 2022).Omicron

was reported to have a ten-fold higher potential reinfection rate than

Delta VOC (Sheikh et al., 2022). The UKHSA also reported that

Omicron individuals who received 2 or 3 doses of any vaccine had a

lower hospitalization rate than those unvaccinated Omicron-infected

subjects (Wolter et al., 2022). Furthermore, those who received the third

or booster dose of the vaccine were less likely to develop symptoms

followinganOmicron infection.A less virulent virus andhigh immunity

from previous infection(s) or vaccination, particularly in vaccinated

individuals with re-infection (“hybrid immunity”), may have

contributed to lower hospitalization rates and less severe infections

among SARS-CoV-2-infected individuals during the Omicron-

dominated fourth wave (Cele et al., 2022). Moreover, Omicron VOC

infected bronchial cellsmore rapidly and alveolar cellsmore slowly than

DeltaVOCinanexvivostudy(Hui et al., 2022).Thismayexplain the less

severe infections observed in Omicron cases. Omicron has also been

shown to have reduced virulence in animal models. Mice infected with

Omicron had less severe disease than those treated with other variants

(Halfmann et al., 2022).

Several limitations of this study must be considered. The

reduced sample size and the lack of a replication-independent cohort
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to verify the associations were the main limitations of our study. The

smaller sample size of participants in our study also limits the statistical

interpretation of the significant (type I error (false positive)) and

nonsignificant (type II error (false negative)) associations. In

addition, because we tested genetic variants in individuals living only

in the Andean region of Ecuador, the small sample size may not

accurately represent the entire population of Ecuador. As a result, it is

unclear whether our findings are generalizable to other regions and

Latin American countries. We increased the power of our association

study by excluding the effect of the most important confounding

variables and by using the Bonferroni correction test. Another

limitation is that all healthy staff in the control group were infected

during the first wave of the pandemic, at a time when vaccines against

SARS-CoV-2 were not available, rather than enrolling individuals in

communities. In contrast, the study group was represented by

individuals from a single hospital with two doses of vaccine, who

required invasivemechanical ventilation and intensive care during the

Omicron VOC dominant wave. This certainly introduces a selection

bias that may affect the gene distribution. Comparing the results

between a group of healthy subjects and a group of individuals with

COVID-19 would only help to identify genes associated with

susceptibility to the disease, not the clinical spectrum of the

phenotype. Given that SARS-CoV-2 has infected most of the world’s

population, itmaynot be feasible to recruit a healthy control group that

has not been exposed to SARS-CoV-2. Our goal was to find the gene

variants associated with disease severity. Also, because of the low

prevalenceof eachcomorbidity reported individuallyby eachpatient, it

is also likely that a bias could be present. However, we have grouped

them together and their combined effects have been calculated in the

regression analysis. Based on available data, it appears that the

Omicron variant does not have a stronger association with severe

COVID-19 than other VoCs. It is likely that hybrid immunity favors a

less severe phenotype associated with Omicron VoC. We have taken

advantage of this to unmaskmore clearly how genetic variables affect a

complex trait such asCOVID-19.A greater influence of genetic factors

may be present in previously immunized individuals with the severe

form of COVID-19. Thus, we compared individuals who undergone

the severe formof the disease andwhohad already received at least two

vaccines from unimmunized subjects with the asymptomatic-mild

form from. This design was done to increase the power to detect gene

variants related to the severity of the COVID-19 phenotype. The

absence of selection bias in our analysis is suggested by HWE and the

similarity of allele and genotype frequencies across both groups.

To summarize, while the recessive genetic model showed that

CCL2 rs1024611-G and OAS1 rs10774671-G gene variants were

associated with COVID-19, no association was found for DPP9

rs10406145 in our study. We could not completely exclude the

potential of DPP9 as a gene associated with the severe COVID-19

phenotype due to undetectable genotype frequencies or small effects of

these variants. Genetic association studies of the COVID-19

phenotype are very limited in Latin America, and our research

helps to clarify the role of genetic factors in the COVID-19

phenotype. A larger sample size, a replication cohort, and additional

SNVs may need to be explored. The experience with COVID-19

provided an opportunity to identify an ethnicity-based approach to

recognize genetically high-risk individuals in different populations for
Frontiers in Cellular and Infection Microbiology 12
emerging diseases. Identifying high-risk individuals who need urgent

medical attention is especially important during epidemics. It can be

very helpful in formulating policies and allocating resources.
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Chávez-Vélez et al. 10.3389/fcimb.2024.1322882
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Cellular and Infection Microbiology 13
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fcimb.2024.

1322882/full#supplementary-material
References
Al-Khelaifi, F., Diboun, I., Donati, F., Botrè, F., Abraham, D., Hingorani, A., et al.
(2019). Metabolic GWAS of elite athletes reveals novel genetically-influenced
metabolites associated with athletic performance. Sci. Rep. 9, 19889. doi: 10.1038/
s41598-019-56496-7

Bagheri-Hosseinabadi, Z., Kaeidi, A., Rezvani, M., Taghipour Khaje Sharifi, G., and
Abbasifard, M. (2024). Evaluation of the serum levels of CCL2, CCL3, and IL-29 after
first and second administrations of the COVID-19 vaccine (Oxford–AstraZeneca).
Immunobiology 229, 152789. doi: 10.1016/j.imbio.2024.152789

Barash, A., Machluf, Y., Ariel, I., and Dekel, Y. (2020). The pursuit of COVID-19
biomarkers: putting the spotlight on ACE2 and TMPRSS2 regulatory sequences. Front.
Med. (Lausanne) 7. doi: 10.3389/fmed.2020.582793

Biswas, M., Rahaman, S., Biswas, T. K., Haque, Z., and Ibrahim, B. (2021).
Association of sex, age, and comorbidities with mortality in COVID-19 patients: A
systematic review and meta-analysis. Intervirology 64, 36–47. doi: 10.1159/000512592

Bollyky, T. J., Hulland, E. N., Barber, R. M., Collins, J. K., Kiernan, S., Moses, M., et al.
(2022). Pandemic preparedness and COVID-19: an exploratory analysis of infection
and fatality rates, and contextual factors associated with preparedness in 177 countries,
from Jan 1, 2020, to Sept 30, 2021. Lancet 399, 1489–1512. doi: 10.1016/S0140-6736(22)
00172-6

Bonnevie-Nielsen, V., Leigh Field, L., Lu, S., Zheng, D.-J., Li, M., Martensen, P. M.,
et al. (2005). Variation in antiviral 2′,5′-oligoadenylate synthetase (2′5′AS) enzyme
activity is controlled by a single-nucleotide polymorphism at a splice-acceptor site in
the OAS1 gene. Am. J. Hum. Genet. 76, 623–633. doi: 10.1086/429391

Cao, Y., Yisimayi, A., Jian, F., Song, W., Xiao, T., Wang, L., et al. (2022). BA.2.12.1,
BA.4 and BA.5 escape antibodies elicited by Omicron infection. Nature 608, 593–602.
doi: 10.1038/s41586-022-04980-y

Cele, S., Jackson, L., Khoury, D. S., Khan, K., Moyo-Gwete, T., Tegally, H., et al.
(2022). Omicron extensively but incompletely escapes Pfizer BNT162b2 neutralization.
Nature 602, 654–656. doi: 10.1038/s41586-021-04387-1

Chen, X., Huang, H., Ju, J., Sun, R., and Zhang, J. (2022). Impact of vaccination on
the COVID-19 pandemic in U.S. states. Sci. Rep. 12, 1554. doi: 10.1038/s41598-022-
05498-z

Chenchula, S., Karunakaran, P., Sharma, S., and Chavan, M. (2022). Current
evidence on efficacy of COVID-19 booster dose vaccination against the Omicron
variant: A systematic review. J. Med. Virol. 94, 2969–2976. doi: 10.1002/jmv.27697

Christensen, P. A., Olsen, R. J., Long, S. W., Snehal, R., Davis, J. J., Ojeda Saavedra,
M., et al. (2022). Signals of significantly increased vaccine breakthrough, decreased
hospitalization rates, and less severe disease in patients with coronavirus disease 2019
caused by the omicron variant of severe acute respiratory syndrome coronavirus 2 in
Houston, Texas. Am. J. Pathol. 192, 642–652. doi: 10.1016/j.ajpath.2022.01.007

Conrady, C. D., Zheng, M., Mandal, N. A., van Rooijen, N., and Carr, D. J. J. (2013).
IFN-a-driven CCL2 production recruits inflammatory monocytes to infection site in
mice. Mucosal Immunol. 6, 45–55. doi: 10.1038/mi.2012.46

Downes, D. J., Cross, A. R., Hua, P., Roberts, N., Schwessinger, R., Cutler, A. J., et al.
(2021). Identification of LZTFL1 as a candidate effector gene at a COVID-19 risk locus.
Nat. Genet. 53, 1606–1615. doi: 10.1038/s41588-021-00955-3

European Bioinformatics Institute (2023). European Molecular Biology Laboratory
(Cambridge, United Kingdom European Bioinformatics Institute).

Flores-Villanueva, P. O., Ruiz-Morales, J. A., Song, C.-H., Flores, L. M., Jo, E.-K.,
Montaño, M., et al. (2005). A functional promoter polymorphism in monocyte
chemoattractant protein–1 is associated with increased susceptibility to pulmonary
tuberculosis. J. Exp. Med. 202, 1649–1658. doi: 10.1084/jem.20050126

Fricke-Galindo, I., and Falfán-Valencia, R. (2021). Genetics insight for COVID-19
susceptibility and severity: A review. Front. Immunol. 12. doi: 10.3389/
fimmu.2021.622176
Ganachari, M., Guio, H., Zhao, N., and Flores-Villanueva, P. O. (2012). Host gene-
encoded severe lung TB: from genes to the potential pathways. Genes Immun. 13, 605–
620. doi: 10.1038/gene.2012.39

Gao, Y., Ding, M., Dong, X., Zhang, J., Kursat Azkur, A., Azkur, D., et al. (2021). Risk
factors for severe and critically ill COVID-19 patients: A review. Allergy 76, 428–455.
doi: 10.1111/all.14657

Go, M. J., Hwang, J.-Y., Kim, Y. J., Hee Oh, J., Kim, Y.-J., Heon Kwak, S., et al. (2013).
New susceptibility loci in MYL2, C12orf51 and OAS1 associated with 1-h plasma
glucose as predisposing risk factors for type 2 diabetes in the Korean population. J.
Hum. Genet. 58, 362–365. doi: 10.1038/jhg.2013.14

Gonzalez, E., Rovin, B. H., Sen, L., Cooke, G., Dhanda, R., Mummidi, S., et al. (2002).
HIV-1 infection and AIDS dementia are influenced by a mutantMCP-1 allele linked to
increased monocyte infiltration of tissues and MCP-1 levels. Proc. Natl. Acad. Sci. 99,
13795–13800. doi: 10.1073/pnas.202357499

Graffelman, J. (2015). Exploring diallelic genetic markers: the hardyWeinberg
package. J. Stat. Softw 64, 1-23. doi: 10.18637/jss.v064.i03

Graffelman, J., and Weir, B. S. (2016). Testing for Hardy–Weinberg equilibrium at
biallelic genetic markers on the X chromosome. Heredity (Edinb) 116, 558–568.
doi: 10.1038/hdy.2016.20

Guevara, R., Prado-Vivar, B., Márquez, S., Muñoz, E. B., Carvajal, M., Guadalupe, J.
J., et al. (2022). Occurrence of SARS-CoV-2 reinfections at regular intervals in Ecuador.
Front. Cell Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.951383

Halfmann, P. J., Iida, S., Iwatsuki-Horimoto, K., Maemura, T., Kiso, M., Scheaffer, S.
M., et al. (2022). SARS-CoV-2 Omicron virus causes attenuated disease in mice and
hamsters. Nature 603, 687–692. doi: 10.1038/s41586-022-04441-6

Harvey, W. T., Carabelli, A. M., Jackson, B., Gupta, R. K., Thomson, E. C., Harrison,
E. M., et al. (2021). SARS-CoV-2 variants, spike mutations and immune escape. Nat.
Rev. Microbiol. 19, 409–424. doi: 10.1038/s41579-021-00573-0

Hillary, R. F., Trejo-Banos, D., Kousathanas, A., McCartney, D. L., Harris, S. E.,
Stevenson, A. J., et al. (2020). Multi-method genome- and epigenome-wide studies of
inflammatory protein levels in healthy older adults. Genome Med. 12, 60. doi: 10.1186/
s13073-020-00754-1

Hollingsworth, L. R., Sharif, H., Griswold, A. R., Fontana, P., Mintseris, J., Dagbay, K.
B., et al. (2021). DPP9 sequesters the C terminus of NLRP1 to repress inflammasome
activation. Nature 592, 778–783. doi: 10.1038/s41586-021-03350-4

Horita, N., and Kaneko, T. (2015). Genetic model selection for a case–control study
and a meta-analysis. Meta Gene 5, 1–8. doi: 10.1016/j.mgene.2015.04.003

Horowitz, J. E., Kosmicki, J. A., Damask, A., Sharma, D., Roberts, G. H. L., Justice, A.
E., et al. (2022). Genome-wide analysis provides genetic evidence that ACE2 influences
COVID-19 risk and yields risk scores associated with severe disease. Nat. Genet. 54,
382–392. doi: 10.1038/s41588-021-01006-7

Hui, K. P. Y., Ho, J. C. W., Cheung, M., Ng, K., Ching, R. H. H., Lai, K., et al. (2022).
SARS-CoV-2 Omicron variant replication in human bronchus and lung ex vivo. Nature
603, 715–720. doi: 10.1038/s41586-022-04479-6

Ishak, A., Mehendale, M., AlRawashdeh, M. M., Sestacovschi, C., Sharath, M.,
Pandav, K., et al. (2022). The association of COVID-19 severity and susceptibility
and genetic risk factors: A systematic review of the literature. Gene 836, 146674.
doi: 10.1016/j.gene.2022.146674

Jassat, W., Abdool Karim, S. S., Mudara, C., Welch, R., Ozougwu, L., Groome, M. J.,
et al. (2022). Clinical severity of COVID-19 in patients admitted to hospital during the
omicron wave in South Africa: a retrospective observational study. Lancet Glob Health
10, e961–e969. doi: 10.1016/S2214-109X(22)00114-0

Karim, S. S. A., and Karim, Q. A. (2021). Omicron SARS-CoV-2 variant: a new
chapter in the COVID-19 pandemic. Lancet 398, 2126–2128. doi: 10.1016/S0140-6736
(21)02758-6
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2024.1322882/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2024.1322882/full#supplementary-material
https://doi.org/10.1038/s41598-019-56496-7
https://doi.org/10.1038/s41598-019-56496-7
https://doi.org/10.1016/j.imbio.2024.152789
https://doi.org/10.3389/fmed.2020.582793
https://doi.org/10.1159/000512592
https://doi.org/10.1016/S0140-6736(22)00172-6
https://doi.org/10.1016/S0140-6736(22)00172-6
https://doi.org/10.1086/429391
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1038/s41598-022-05498-z
https://doi.org/10.1038/s41598-022-05498-z
https://doi.org/10.1002/jmv.27697
https://doi.org/10.1016/j.ajpath.2022.01.007
https://doi.org/10.1038/mi.2012.46
https://doi.org/10.1038/s41588-021-00955-3
https://doi.org/10.1084/jem.20050126
https://doi.org/10.3389/fimmu.2021.622176
https://doi.org/10.3389/fimmu.2021.622176
https://doi.org/10.1038/gene.2012.39
https://doi.org/10.1111/all.14657
https://doi.org/10.1038/jhg.2013.14
https://doi.org/10.1073/pnas.202357499
https://doi.org/10.18637/jss.v064.i03
https://doi.org/10.1038/hdy.2016.20
https://doi.org/10.3389/fcimb.2022.951383
https://doi.org/10.1038/s41586-022-04441-6
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1186/s13073-020-00754-1
https://doi.org/10.1186/s13073-020-00754-1
https://doi.org/10.1038/s41586-021-03350-4
https://doi.org/10.1016/j.mgene.2015.04.003
https://doi.org/10.1038/s41588-021-01006-7
https://doi.org/10.1038/s41586-022-04479-6
https://doi.org/10.1016/j.gene.2022.146674
https://doi.org/10.1016/S2214-109X(22)00114-0
https://doi.org/10.1016/S0140-6736(21)02758-6
https://doi.org/10.1016/S0140-6736(21)02758-6
https://doi.org/10.3389/fcimb.2024.1322882
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
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