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Abstract

:

Tumor necrosis factor (TNF) and interferon-gamma (IFNγ) are important inflammatory mediators in the development of cytokine storm syndrome (CSS). Single nucleotide polymorphisms (SNPs) regulate the expression of these cytokines, making host genetics a key factor in the prognosis of COVID-19. In this study, we investigated the associations of the TNF -308G/A and IFNG +874T/A polymorphisms with COVID-19. We analyzed the frequencies of the two polymorphisms in the control groups (CG: TNF -308G/A, n = 497; IFNG +874T/A, n = 397), a group of patients with COVID-19 (CoV, n = 222) and among the subgroups of patients with nonsevere (n = 150) and severe (n = 72) COVID-19. We found no significant difference between the genotypic and allelic frequencies of TNF -308G/A in the groups analyzed; however, both the frequencies of the high expression genotype (TT) (CoV: 13.51% vs. CG: 6.30%; p = 0.003) and the *T allele (CoV: 33.56% vs. CG: 24. 81%; p = 0.001) of the IFNG +874T/A polymorphism were higher in the COVID-19 group than in the control group, with no differences between the subgroups of patients with nonsevere and severe COVID-19. The *T allele of IFNG +874T/A (rs2430561) is associated with susceptibility to symptomatic COVID-19. These SNPs provided valuables clues about the potential mechanism involved in the susceptibility to developing symptomatic COVID-19.
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1. Introduction


COVID-19, caused by SARS-CoV-2, is a highly infectious disease, which resulted in 774 million cases worldwide and 7 million deaths from its emergence in December 2019 until January 2023 [1]. Approximately 80% of cases are clinically mild or asymptomatic, while 15% progress to a severe form and 5% to a critical form [2,3], requiring hospitalization and ventilatory support [4,5].



Hospitalized patients have high levels of cytokines and may progress to a predominantly inflammatory form of the disease called cytokine storm syndrome (CSS), a clinical condition characterized by high plasma levels of several cytokines that can trigger systemic inflammatory and thromboembolic processes [6,7,8,9], among which tumor necrosis factor (TNF) and interferon-gamma (IFNγ) stand out, leading to a worse clinical outcome.



TNF is a proinflammatory cytokine produced by different cell types, including alveolar macrophages activated by cell damage caused by SARS-CoV-2, generating a systemic response [10,11]. In this context, IFNγ is a key cytokine in the antiviral response by T helper cells (Th1), stimulating antigens and macrophages to produce proinflammatory cytokines, including TNF [12,13].



Thus, genetic polymorphisms that affect the expression of genes encoding these cytokines (TNF and IFNG) are natural candidates for prognostic and predictive biomarkers in COVID-19. For this reason, the present study investigated the association of two single nucleotide polymorphisms (SNPs), TNF -308G/A (rs1800629) and IFNG +874T/A (rs2430561), with aspects of COVID-19 severity, becoming the first study to investigate the association of IFNG +874T/A with this infection. These SNPs are loci of quantitative traits and modulators of the expression of these genes [14,15,16], whose relevance in viral diseases has already been demonstrated in the literature [17,18,19].




2. Materials and Methods


2.1. Study Population, Sample Groups and Sample Collection


We collected data and peripheral blood from 222 patients (COVID-19 group, CoV) diagnosed with COVID-19 clinically and with laboratory tests. The diagnosis was confirmed positive by RT-PCR or antigen test. In addition, positive IgM serology and lung computed tomography suggestive of COVID-19 were present in most patients.



All patients aged 18 years or older, of both sexes, unrelated, residing in the metropolitan area of Belem (State of Pará, Brazil) were recruited between July 2020 and December 2021 from the Arbovirology Department of the Evandro Chagas Institute and in the hospital wing of the Belem Adventist Hospital. Only patients who had not been vaccinated against SARS-CoV-2 at the time of collection were considered eligible. Symptomatic patients were classified into nonsevere and severe COVID-19 subgroups according to the severity criteria of the World Health Organization [4].



Both polymorphisms had been studied in the Belem population in case-control studies prior to the COVID-19 pandemic. Thus, we used the genotypic and allelic frequencies described in the control samples of these studies as representative of the population of Belem (control group, CG) and used them for comparisons with our sample. Three studies were used for the TNF -308G/A polymorphism [20,21,22] with a total of 497 individuals, while for the IFNG +874T/A polymorphism, we used two studies [22,23] with a total of 397 individuals.



A total of 8 mL of peripheral blood sample was collected using a vacuum collection system containing ethylenediaminetetraacetic acid (EDTA) as anticoagulant. The samples were transported to the Laboratory of Virology of the Federal University of Pará, where the aliquots of whole blood, plasma and leukocytes were separated and stored at −20 °C.




2.2. DNA Extraction and Genotyping of the TNF -308G/A and IFNG +874T/A Polymorphisms


Genomic DNA was extracted from 200 μL of peripheral blood using a ReliaPrep™ Blood gDNA Miniprep System kit (Promega, Madison, WI, USA) following the manufacturer’s instructions. The TNF -308G/A (rs1800629; 6p21.33) and IFNG +874T/A (rs2430561; 12q15) polymorphisms were analyzed by real-time PCR using a StepOnePlus™ Real-Time PCR System. For the TNF -308G/A polymorphism, a TaqMan® genotyping assay was (product code: C_7514879_10, Thermo Fisher, Carlsbad, CA, USA) pre-engineered and customized to contain the FAM/VIC probes for the respective alleles. The IFNG +874T/A-specific primers (F: 5′-TTC AGA CAT TCA CAA TTG ATT TTA TTC T-3′ and R: 5′-CCC CCA ATG GTA CAG GTT TC-3′) and probes (FAM/VIC: AAAATCAAATC[T/A]CACACACACA-MGB) were previously described [24]. Both reactions used an iTaq Universal Probes Supermix (Bio-Rad, Hercules, CA, USA) and followed a program of 10 min at 95 °C, 40 cycles of 15 s at 95 °C and 1 min at 60 °C. To minimize possible genotyping errors, we randomly chose 20% of the sample to retest for the two markers.




2.3. Statistical Analysis


The difference between the mean age of the groups was estimated using the Mann-Whitney test, while the frequency of sex and comorbidities between the groups was compared using Fisher’s exact test. The frequency of symptoms presented during acute COVID-19 was compared between groups using the Wilcoxon paired test. The genotypic and allelic frequencies were estimated by direct counting. The Hardy–Weinberg equilibrium was calculated to assess whether the distribution of observed genotypic frequencies agreed with the expected frequencies. Comparisons of genotypic and allelic frequencies between groups were as follows: control group (CG) versus CoV and nonsevere versus severe group. The genotypic and allelic frequencies of TNF -308G/A SNP (GG versus AA + GA, A versus G) and IFNG +874T/A (TT versus AA + AT, A versus T) were tested between the study groups by Fisher’s exact test using the odds ratio with a 95% confidence interval (CI) as a measure of association.



Clinical and epidemiological information and genotyping data were stored in a database using Microsoft Excel 2019 software. All tests were performed using GraphPad Prism v.9.3.0 software, and the results were considered statistically significant with a value of p < 0.05.





3. Results


3.1. Epidemiological Characteristics of Individuals


The sample composed of 222 individuals diagnosed with COVID-19 was subdivided into the groups described above and analyzed regarding variables such as sex, age and other clinical data. The clinical, demographic and epidemiological data that characterized the sample are presented in Table 1.



The age distribution was significantly different between the groups, with older individuals among the critically ill (p ≤ 0.0001). Most patients in the noncritically ill group were female, whereas in the critically ill group, the majority were male. However, this difference was not statistically significant (p = 0.5663) (Table 1). The prevalence of comorbidities was higher in the groups of critically ill patients (p ≤ 0.0001). There was no significant difference in the prevalence of symptoms between the different severity groups in this study (p = 0.0739).




3.2. Association of SNPs with Symptomatic COVID-19 Susceptibility


No significant association was found between the genotypes and alleles of the TNF -308G/A SNP in any of the comparisons made, with the frequencies of the less frequent allele (*A) ranging from 11.87% to 9.91% in the GC and CoV sample groups, while the frequencies of the same allele in nonsevere and severe patients were 10.0% and 9.72, respectively (Table 2).



The *T allele of the IFNG +874T/A SNP was less frequent in the CG (24.81%) than among the group consisting of symptomatic COVID-19 patients, whose frequency was 33.56% (Table 2). Importantly, there was no significant difference between the nonsevere and severe patient subgroups. The genotypic frequencies of both SNPs were in Hardy–Weinberg equilibrium in the studied groups.





4. Discussion


Our results confirm the previously observed trends that indicate a higher risk for severe COVID-19 in older patients and those with comorbidities [25,26].



Polymorphisms in the TNF and IFNG genes, particularly those related to the regulation of their expression, are natural candidates to play a role in the pathogenesis and evolution of COVID-19. Although the results did not show an association of the TNF -308G/A polymorphism with COVID-19 or its greater severity, we observed that the *T allele of the IFNG +874T/A polymorphism is associated with symptomatic COVID-19. However, no effect of this allele on the severity of infection could be detected.



The frequencies obtained from previous studies in the same population (Belem) showed that for the minor allele *A of the SNP rs1800629 (TNF -308G/A), the frequency ranged from 8.3% to 14.5% [20,21,22]; given that the frequency for COVID-19 patients in our study was 9.9%, it fits in this range. However, the frequencies of the minor allele *T of the SNP rs2430561 (IFNG +874T/A) were 23.7 and 28.4% in previous studies [22,23], which are lower than in our COVID-19 sample (33.5%).



One putative limitation of our study is population substructuring. However, it would affect all genetic loci. While a difference could be observed in IFNG +874T/A, the SNP of TNF -308G/A displayed very similar allele frequencies across all subsamples. The same was observed in our previous study [27], where only one SNP loci was found to be associated, while the remaining two still displayed similar genotype and allele frequencies.



In a second study approaching long COVID in a different sample of Belem, our group also compared allele and genotype frequencies with those obtained from the literature for Belem [28]. In this study, ten SNPs were used and most of them displayed no differentiation among Belem and patient subsamples.



Therefore, despite the importance of ethnicity in COVID-19, our study provides no evidence of sample substructuring biases introduced by potential ethnic differences among our subsamples.



Previous in silico studies, such as that by Leite et al. [29], showed that the allele frequencies of polymorphisms associated with high cytokine expression were correlated with the daily COVID-19 mortality rate in dozens of countries. Among them were also the alleles with high expression of TNF -308 (A) and IFNG +874 (T) that correlated positively with COVID-19 mortality. In this study, the Spearman correlation coefficients of both polymorphisms with the mortality rate did not remain significant after a rigorous correction for multiple tests, but interestingly, the correlation coefficient for TNF -308G/A was only 0.35, while that for IFNG +874T/A reached 0.46. Thus, there is a good agreement between our results and the trend observed in the meta-analysis by Leite et al. [29], because if the *T allele population frequency influences the proportion of symptomatic individuals that may evolve to a worse disease outcome, this allele can indirectly influence the mortality rate.



Additionally, our results differed in part from a previous case-control study conducted in Hong Kong by Chong et al. [19], seeking an association of cytokine gene polymorphisms with the disease caused by SARS-CoV-1 infection in 2003. Among these polymorphisms are the SNPs in the present study. The authors found an association of the *A allele (low-IFNγ-expression allele) of the IFNG +874T/A polymorphism with SARS-CoV-1 infection. The frequency of the *A allele among infected individuals was 83.1%, while in the control population, it was 66.3%. A more detailed frequency analysis of the *A allele among Chinese people showed that the frequencies described in several studies were approximately 80% and never reached values as low as 66%.



While the absence of an association between TNF -308G/A and COVID-19 outcomes could be attributed to a lack of statistical power due to small sample sizes, it is less likely given the minimal differences in allele and genotype frequencies (less than 2%). Achieving statistical significance would necessitate thousands of patients. Furthermore, the study by Chong et al. [19], conducted on a population with diverse ethnic and demographic backgrounds, supported the lack of association between TNF -308G/A polymorphism and susceptibility to COVID-19.



It is known that the response mediated by type II interferons (IFNγ) and other interferons can stimulate ACE2 expression in airway epithelial cells and in enterocytes, promoting the susceptibility of these tissues to SARS-CoV-2 [30,31]. As the *T allele of IFNG +874T/A provides a binding site for nuclear factor κB (NF-κB), thus up-regulating IFNγ expression [16], it is possible that this allele significantly contributes and paves the way to the symptomatic manifestation of COVID-19, as its frequency is higher in infected patients than in the general population.



The association with symptomatic COVID-19 and the absence of an association signal for the *T allele of IFNG +874 with severity appears to be paradoxical. A lack of statistical power due to a small sample size may play a role. However, it is also plausible to suppose that after the development of symptoms, which is influenced by the IFNG +874T/A polymorphism, the disease outcome, in terms of severity, may be more strongly determined by other factors, like genetic ones that are still unknown or environmental and biological factors, like age, comorbidities, sex, nutritional status and access to the healthcare system, which are already highlighted as major factors in the severity of COVID-19 [25,26,32].



The results suggest an association of the IFNG +874T/A polymorphism with symptomatic SARS-CoV-2 infection, despite the sample limitation imposed by the absence of a subsample of asymptomatic individuals. The literature suggests that the prevalence of asymptomatic infections can be quite heterogeneous, as demonstrated by a recent comprehensive systematic review [33]. If we consider only the moderate and high-quality studies presented in this meta-analysis, the prevalence of asymptomatic infections in Asian countries such as Japan and China are approximately 60%, while in European countries, the prevalence of asymptomatic infections is often lower at 50%. Coincidentally, the frequency of the *T allele of rs2430561 in European populations is between 35% and 50% and is much lower in Asian countries, such as Japan (7.2%) and China (18%) [29].



Thus, the *T allele of rs2430561 may play a role in the development of symptomatic infection, which, in association with other risk factors such as advanced age and comorbidities, may proportionally increase mortality among carriers of this allele.




5. Conclusions


The *T allele of IFNG +874T/A (rs2430561) is associated with susceptibility to COVID-19. These SNPs provided valuable clues about the potential mechanism involved in the susceptibility to developing symptomatic COVID-19.







Author Contributions


Conceptualization, writing—original draft preparation and formal analysis, K.M.L.d.S. and E.J.M.d.S.; Methodology, investigation, resources, data curation and visualization, K.M.L.d.S., F.P.d.C., E.F.d.S., M.H.D.C., R.d.S., A.d.O.L.V., M.d.N.d.S.d.A.V., F.B.B.R., M.d.M.L., C.B.d.S., M.K.d.S.T., M.T.F.M.d.B., A.L.S.d.S., D.F.H., I.M.V.C.V., G.M.R.V. and M.A.F.Q.; Writing—review and editing, visualization, supervision and validation, E.J.M.d.S. and A.C.R.V.; Supervision, validation, project administration and funding acquisition, E.J.M.d.S. and A.C.R.V. All authors have read and agreed to the published version of the manuscript.




Funding


Amazon Foundation for Research Support (FAPESPA)—#005/2020 and #006/2020; The Coordination for the Improvement of Higher Education Personnel (CAPES); National Council for Scientific and Technological Development (CNPQ #401235/2020-3, #302935/2021-5 and 303837/2023-3); Secretariat of Science, Technology and Higher, Professional and Technological Education (SECTET)—#09/2021, Instituto Nacional de Ciência e Tecnologia em Viroses Emergentes—INCT-VER (#406360/2022-7), and Federal University of Para (PAPQ/2023).




Institutional Review Board Statement


All methods and experimental protocols were carried out in accordance with regulations 466/2012 and 347/05 of the Brazilian National Health Council and were approved by the Human Research Ethics Committee of the Federal University of Pará (CAAE: 33470020.1001.0018).




Informed Consent Statement


All participants were informed about the study objectives and signed an informed consent form. The collected biological samples were stored in a biorepository until use.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.




Acknowledgments


The authors thank all patients who agreed to voluntarily participate in this study.




Conflicts of Interest


The authors declare that there were no conflicts of interest in conducting this project.




References


	



World Health Organization. WHO COVID-19 Dashboard. Available online: https://data.who.int/dashboards/covid19/cases (accessed on 1 February 2024).

	



Wu, Z.; McGoogan, J.M. Characteristics of and Important Lessons from the Coronavirus Disease 2019 (COVID-19) Outbreak in China: Summary of a Report of 72,314 Cases from the Chinese Center for Disease Control and Prevention. JAMA 2020, 323, 1239–1242. [Google Scholar] [CrossRef] [PubMed]

	



Guan, W.; Ni, Z.; Hu, Y.; Liang, W.; Ou, C.; He, J.; Liu, L.; Shan, H.; Lei, C.; Hui, D.S.C.; et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N. Engl. J. Med. 2020, 382, 1708–1720. [Google Scholar] [CrossRef]

	



World Health Organization. COVID-19 Clinical Management: Living Guidance, 25 January 2021. 2021. Available online: https://iris.who.int/handle/10665/338882 (accessed on 1 February 2024).

	



Berlin, D.A.; Gulick, R.M.; Martinez, F.J. Severe Covid-19. N. Engl. J. Med. 2020, 383, 2451–2460. [Google Scholar] [CrossRef]

	



Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical Features of Patients Infected with 2019 Novel Coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [Google Scholar] [CrossRef] [PubMed]

	



Del Valle, D.M.; Kim-Schulze, S.; Huang, H.-H.; Beckmann, N.D.; Nirenberg, S.; Wang, B.; Lavin, Y.; Swartz, T.H.; Madduri, D.; Stock, A.; et al. An Inflammatory Cytokine Signature Predicts COVID-19 Severity and Survival. Nat. Med. 2020, 26, 1636–1643. [Google Scholar] [CrossRef]

	



Sims, J.T.; Krishnan, V.; Chang, C.-Y.; Engle, S.M.; Casalini, G.; Rodgers, G.H.; Bivi, N.; Nickoloff, B.J.; Konrad, R.J.; de Bono, S.; et al. Characterization of the Cytokine Storm Reflects Hyperinflammatory Endothelial Dysfunction in COVID-19. J. Allergy Clin. Immunol. 2021, 147, 107–111. [Google Scholar] [CrossRef] [PubMed]

	



Gadotti, A.C.; de Castro Deus, M.; Telles, J.P.; Wind, R.; Goes, M.; Garcia Charello Ossoski, R.; de Padua, A.M.; de Noronha, L.; Moreno-Amaral, A.; Baena, C.P.; et al. IFN-γ Is an Independent Risk Factor Associated with Mortality in Patients with Moderate and Severe COVID-19 Infection. Virus Res. 2020, 289, 198171. [Google Scholar] [CrossRef] [PubMed]

	



Aggarwal, B.B.; Gupta, S.C.; Kim, J.H. Historical Perspectives on Tumor Necrosis Factor and Its Superfamily: 25 Years Later, a Golden Journey. Blood 2012, 119, 651–665. [Google Scholar] [CrossRef]

	



Paludan, S.R.; Mogensen, T.H. Innate Immunological Pathways in COVID-19 Pathogenesis. Sci. Immunol. 2022, 7, eabm5505. [Google Scholar] [CrossRef]

	



Boehm, U.; Klamp, T.; Groot, M.; Howard, J.C. Cellular Responses to Interferon-γ. Annu. Rev. Immunol. 1997, 15, 749–795. [Google Scholar] [CrossRef]

	



Lee, A.J.; Ashkar, A.A. The Dual Nature of Type I and Type II Interferons. Front. Immunol. 2018, 9, 2061. [Google Scholar] [CrossRef]

	



Nica, A.C.; Dermitzakis, E.T. Expression Quantitative Trait Loci: Present and Future. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368, 20120362. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, A.G.; de Vries, N.; Pociot, F.; di Giovine, F.S.; van der Putte, L.B.; Duff, G.W. An Allelic Polymorphism within the Human Tumor Necrosis Factor Alpha Promoter Region Is Strongly Associated with HLA A1, B8, and DR3 Alleles. J. Exp. Med. 1993, 177, 557–560. [Google Scholar] [CrossRef] [PubMed]

	



Pravica, V.; Perrey, C.; Stevens, A.; Lee, J.-H.; Hutchinson, I.V. A Single Nucleotide Polymorphism in the First Intron of the Human IFN-γ Gene: Absolute Correlation with a Polymorphic CA Microsatellite Marker of High IFN-γ Production. Hum. Immunol. 2000, 61, 863–866. [Google Scholar] [CrossRef] [PubMed]

	



Pujhari, S.K.; Ratho, R.K.; Prabhakar, S.; Mishra, B.; Modi, M. TNF-α Promoter Polymorphism: A Factor Contributing to the Different Immunological and Clinical Phenotypes in Japanese Encephalitis. BMC Infect. Dis. 2012, 12, 23. [Google Scholar] [CrossRef] [PubMed]

	



Forte, G.I.; Scola, L.; Misiano, G.; Milano, S.; Mansueto, P.; Vitale, G.; Bellanca, F.; Sanacore, M.; Vaccarino, L.; Rini, G.B.; et al. Relevance of Gamma Interferon, Tumor Necrosis Factor Alpha, and Interleukin-10 Gene Polymorphisms to Susceptibility to Mediterranean Spotted Fever. Clin. Vaccine Immunol. 2009, 16, 811–815. [Google Scholar] [CrossRef] [PubMed]

	



Chong, W.P.; Ip, W.E.; Tso, G.H.W.; Ng, M.W.; Wong, W.H.S.; Law, H.K.W.; Yung, R.W.; Chow, E.Y.; Au, K.; Chan, E.Y.; et al. The Interferon Gamma Gene Polymorphism +874 A/T Is Associated with Severe Acute Respiratory Syndrome. BMC Infect. Dis. 2006, 6, 82. [Google Scholar] [CrossRef] [PubMed]

	



Santiago, A.M.; da Silva Graça Amoras, E.; Queiroz, M.A.F.; da Silva Conde, S.R.S.; Cayres-Vallinoto, I.M.V.; Ishak, R.; Vallinoto, A.C.R. TNFA -308G>A and IL10 -1082A>G Polymorphisms Seem to Be Predictive Biomarkers of Chronic HCV Infection. BMC Infect. Dis. 2021, 21, 1133. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, H.P.; Martins, L.C.; Santos, S.E.; Demachki, S.; Assumpção, M.B.; Aragão, C.D.; Corvelo, T.C. Interleukin-1 and TNF-alpha. Polymorphisms and Helicobacter Pylori in a Brazilian Amazon Population. World J. Gastroenterol. 2009, 15, 1465–1471. [Google Scholar] [CrossRef] [PubMed]

	



Conde, S.R.S.; Feitosa, R.N.M.; Freitas, F.B.; Hermes, R.B.; Demachki, S.; Araújo, M.T.F.; Soares, M.C.P.; Ishak, R.; Vallinoto, A.C.R. Association of Cytokine Gene Polymorphisms and Serum Concentrations with the Outcome of Chronic Hepatitis B. Cytokine 2013, 61, 940–944. [Google Scholar] [CrossRef] [PubMed]

	



De Brito, W.B.; Queiroz, M.A.F.; da Silva Graça Amoras, E.; Lima, S.S.; da Silva Conde, S.R.S.; dos Santos, E.J.M.; Cayres-Vallinoto, I.M.V.; Ishak, R.; Vallinoto, A.C.R. The TGFB1 -509C/T Polymorphism and Elevated TGF-Β1 Levels Are Associated with Chronic Hepatitis C and Cirrhosis. Immunobiology 2020, 225, 152002. [Google Scholar] [CrossRef] [PubMed]

	



Tso, H.W.; Ip, W.K.; Chong, W.P.; Tam, C.M.; Chiang, A.K.S.; Lau, Y.L. Association of Interferon Gamma and Interleukin 10 Genes with Tuberculosis in Hong Kong Chinese. Genes Immun. 2005, 6, 358–363. [Google Scholar] [CrossRef] [PubMed]

	



Dos Reis, E.C.; Rodrigues, P.; de Jesus, T.R.; de Monteiro, E.L.F.; Junior, J.S.V.; Bianchi, L. Risk of Hospitalization and Mortality Due to COVID-19 in People with Obesity: An Analysis of Data from a Brazilian State. PLoS ONE 2022, 17, e0263723. [Google Scholar] [CrossRef]

	



Booth, A.; Reed, A.B.; Ponzo, S.; Yassaee, A.; Aral, M.; Plans, D.; Labrique, A.; Mohan, D. Population Risk Factors for Severe Disease and Mortality in COVID-19: A Global Systematic Review and Meta-Analysis. PLoS ONE 2021, 16, e0247461. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, F.B.B.; da Silva, R.; dos Santos, E.F.; de Brito, M.T.F.M.; da Silva, A.L.S.; de Meira Leite, M.; Póvoa da Costa, F.; de Nazaré do Socorro de Almeida Viana, M.; de Sarges, K.M.L.; Cantanhede, M.H.D.; et al. Association of Polymorphisms of IL-6 Pathway Genes (IL6, IL6R and IL6ST) with COVID-19 Severity in an Amazonian Population. Viruses 2023, 15, 1197. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, R.; de Sarges, K.M.L.; Cantanhede, M.H.D.; da Costa, F.P.; dos Santos, E.F.; Rodrigues, F.B.B.; de Nazaré do Socorro de Almeida Viana, M.; de Meira Leite, M.; da Silva, A.L.S.; de Brito, M.T.M.; et al. Thrombophilia and Immune-Related Genetic Markers in Long COVID. Viruses 2023, 15, 885. [Google Scholar] [CrossRef] [PubMed]

	



Leite, M.d.M.; Gonzalez-Galarza, F.F.; da Silva, B.C.C.; Middleton, D.; dos Santos, E.J.M. Predictive Immunogenetic Markers in COVID-19. Hum. Immunol. 2021, 82, 247–254. [Google Scholar] [CrossRef] [PubMed]

	



Ziegler, C.G.K.; Allon, S.J.; Nyquist, S.K.; Mbano, I.M.; Miao, V.N.; Tzouanas, C.N.; Cao, Y.; Yousif, A.S.; Bals, J.; Hauser, B.M.; et al. SARS-CoV-2 Receptor ACE2 Is an Interferon-Stimulated Gene in Human Airway Epithelial Cells and Is Detected in Specific Cell Subsets across Tissues. Cell 2020, 181, 1016–1035.e19. [Google Scholar] [CrossRef]

	



Heuberger, J.; Trimpert, J.; Vladimirova, D.; Goosmann, C.; Lin, M.; Schmuck, R.; Mollenkopf, H.; Brinkmann, V.; Tacke, F.; Osterrieder, N.; et al. Epithelial Response to IFN-γ Promotes SARS-CoV-2 Infection. EMBO Mol. Med. 2021, 13, e13191. [Google Scholar] [CrossRef]

	



Pereira, F.A.C.; Filho, F.M.H.S.; de Azevedo, A.R.; de Oliveira, G.L.; Flores-Ortiz, R.; Valencia, L.I.O.; Rodrigues, M.S.; Ramos, P.I.P.; da Silva, N.B.; de Oliveira, J.F. Profile of COVID-19 in Brazil—Risk Factors and Socioeconomic Vulnerability Associated with Disease Outcome: Retrospective Analysis of Population-Based Registers. BMJ Glob. Health 2022, 7, e009489. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Q.; Liu, J.; Liu, Q.; Kang, L.; Liu, R.; Jing, W.; Wu, Y.; Liu, M. Global Percentage of Asymptomatic SARS-CoV-2 Infections among the Tested Population and Individuals with Confirmed COVID-19 Diagnosis: A Systematic Review and Meta-Analysis. JAMA Netw. Open 2021, 4, e2137257. [Google Scholar] [CrossRef]








 





Table 1. Characterization of the sample and subsamples regarding demographic, clinical and epidemiological variables. Comparisons were performed between the groups of nonsevere and severe patients.
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Variables

	
CoV

n = 222 (%)

	
Nonsevere

n = 150 (%)

	
Severe

n = 72 (%)






	
Sex

	

	

	




	
Women

	
106 (47.75)

	
74 (49.33) a

	
32 (44.44) a




	
Men

	
116 (52.25)

	
76 (50.67) a

	
40 (55.56) a




	
Age (years)

	

	

	




	
21–39

	
77 (34.68)

	
64 (42.67)

	
13 (18.06)




	
40–59

	
106 (47.75)

	
70 (46.67)

	
36 (50.00)




	
≥60

	
39 (17.57)

	
16 (10.66)

	
23 (31.94)




	
Mean

	
46.35

	
42.92 b

	
53.50 b




	
SD

	
14.36

	
12.70

	
15.07




	
Comorbidities c

	

	

	




	
Yes

	
68 (30.63)

	
34 (22.66) d

	
34 (47.23) d




	
No

	
154 (69.37)

	
116 (77.34) d

	
38 (52.77) d




	
Ventilatory support

	

	

	




	
No

	
150 (67.57)

	
150 (100)

	
0 (0)




	
NIV

	
70 (31.53)

	
0 (0)

	
70 (97.22)




	
IV

	
2 (0.90)

	
0 (0)

	
2 (2.78)




	
Symptoms

	
% e




	
Fever

	
70.72

	
69.33

	
73.61




	
Cough

	
69.37

	
62.00

	
84.72




	
Runny nose

	
38.29

	
40.67

	
33.33




	
Headache

	
58.11

	
58.00

	
58.33




	
Sore throat

	
37.39

	
40.00

	
31.94




	
Chest pain

	
44.14

	
40.00

	
52.78




	
Abdominal pain

	
21.17

	
16.67

	
30.56




	
Muscle or body pain

	
58.56

	
58.67

	
58.33




	
Nausea

	
25.23

	
19.33

	
37.50




	
Vomiting

	
11.71

	
10.00

	
15.28




	
Diarrhea

	
43.24

	
42.67

	
44.44




	
Dyspnea

	
48.65

	
36.67

	
73.61




	
Weakness

	
54.50

	
49.33

	
65.28




	
Fatigue

	
61.26

	
54.67

	
75.00




	
Anosmia

	
48.20

	
52.67

	
38.89




	
Ageusia

	
46.85

	
50.67

	
38.89








CoV = patients with COVID-19; Nonsevere = patients with mild or moderate COVID-19; Severe = patients with severe COVID-19; n = number of individuals; SD = standard deviation; NIV = noninvasive ventilation; VI = invasive ventilation; a Fisher’s exact test, p = 0.5663; b Mann-Whitney test, p < 0.0001; c comorbidities were chronic diseases such as obesity, diabetes, immunodeficiencies and cancer, in addition to chronic cardiovascular, pulmonary, neurological, liver and kidney diseases; d Fisher’s exact test, p = 0.0003; e Wilcoxon paired test, p = 0.0739.













 





Table 2. Genotypic and allelic frequenc