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Introduction: SARS-CoV-2 viral load has been related to COVID-19 severity. The main aim of this study was to evaluate the relationship between SARS-CoV-2 viremia and SNPs in genes previously studied by our group as predictors of COVID-19 severity.

Materials and methods: Retrospective observational study including 340 patients hospitalized for COVID-19 in the University Hospital La Princesa between March 2020 and December 2021, with at least one viremia determination. Positive viremia was considered when viral load was above the quantifiable threshold (20 copies/ml). A total of 38 SNPs were genotyped. To study their association with viremia a multivariate logistic regression was performed.

Results: The mean age of the studied population was 64.5 years (SD 16.6), 60.9% patients were male and 79.4% white non-Hispanic. Only 126 patients (37.1%) had at least one positive viremia. After adjustment by confounders, the presence of the minor alleles of rs2071746 (HMOX1; T/T genotype OR 9.9 p < 0.0001), rs78958998 (probably associated with SERPING1 expression; A/T genotype OR 2.3, p = 0.04 and T/T genotype OR 12.9, p < 0.0001), and rs713400 (eQTL for TMPRSS2; C/T + T/T genotype OR 1.86, p = 0.10) were associated with higher risk of viremia, whereas the minor alleles of rs11052877 (CD69; A/G genotype OR 0.5, p = 0.04 and G/G genotype OR 0.3, p = 0.01), rs2660 (OAS1; A/G genotype OR 0.6, p = 0.08), rs896 (VIPR1; T/T genotype OR 0.4, p = 0.02) and rs33980500 (TRAF3IP2; C/T + T/T genotype OR 0.3, p = 0.01) were associated with lower risk of viremia.

Conclusion: Genetic variants in HMOX1 (rs2071746), SERPING1 (rs78958998), TMPRSS2 (rs713400), CD69 (rs11052877), TRAF3IP2 (rs33980500), OAS1 (rs2660) and VIPR1 (rs896) could explain heterogeneity in SARS-CoV-2 viremia in our population.
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1. Introduction

Almost three years after the SARS-CoV-2 pandemic outbreak, nearly 780 million people have been infected and 65% of the worldwide population has been fully vaccinated against COVID-19. Despite this fact, SARS-CoV-2 circulation seems to persist worldwide and still 1,500 people die every week due to COVID-19 (1). The wide spectrum of clinical manifestations of the disease has encouraged scientists to keep studying different biomarkers that could help us to achieve an early stratification of those patients at higher risk of respiratory impairment and death. In this regard, many clinical conditions and biomarkers such as age, hypertension, Interleukin-6 (IL-6) or D-dimer are associated with COVID-19 severity (2, 3) but the prediction of the clinical course and the pre-existing conditions that confer increased risk, remain a challenge for physicians.

In this sense, SARS-CoV-2 RNA detection in peripheral blood (viremia) has been proposed as a risk factor for severe COVID-19. In previous studies of our group, we have shown that patients with SARS-CoV-2 viremia were more likely to die or be admitted to the Intensive Care Unit (ICU) (4, 5). Other studies (6–8), including a meta-analysis (9) have confirmed these findings correlating SARS-CoV-2 viremia with worse COVID-19 prognosis. Viremia is associated with an increase in the inflammatory response, with higher levels of C-reactive protein or IL-6, as described by Hagman et al. (10) and Myhre et al. (11). In a proteomic study Li et al., evaluated pathways related to the development of viremia and found that patients with viremia had higher expression of SARS-CoV-2 entry factors (ACE2, CTSL, FURIN), proinflammatory markers (such as IL6) as well as markers of tissue damage and coagulation (12). Nevertheless, the mechanisms and predisposing factors, such as genetic factors, leading to viremia are not clear yet.

Several studies have assessed the association between genetic variants and COVID-19 prognosis by Single Nucleotide Polymorphism (SNP) genotyping and Genome-Wide Association Studies (GWAS). Two of the most studied genes are ACE2 and TMPRSS2, involved in SARS-CoV-2 entry, and some of their genetic variants have been associated with COVID-19 severity and infectivity (13–16). Moreover, other regions of genetic susceptibility for COVID-19 severity have been described, such as those related to the ABO blood group system or the antiviral response (OAS1, OAS2, OAS3, TYK2, IFNAR2 or IL-10) (17–19). The review by Anastassopoulou et al. described how disease severity is determined by variants of genes involved in the immune response to the virus, while susceptibility to infection is mainly related to genes that participate in the early stages of infection (such as virus binding and entry) (20). Although these variants could potentially lead to increased entry and dissemination of the virus into the bloodstream, to date no study has addressed the relationship between genetic variants of genes involved in COVID-19 pathogenesis and the detection of viremia.

The main aim of this study was to evaluate the relationship between SARS-CoV-2 viremia and several SNPs in genes previously studied by our group as predictors of COVID-19 severity (13).



2. Materials and methods


2.1. Study design, population and data collection

This is a subanalysis of two previous studies assessing the relationship between different genetic variants related to the pathogenesis of SARS-CoV-2 and COVID-19 severity (13). Both were retrospective observational studies including patients attended at the University Hospital La Princesa (Madrid).

The first study (hereafter study A) recruited 817 patients from the first months of the pandemic (March 29th – April 29th 2020) and studied 120 SNPs that had previously been related to COVID-19, the coagulation cascade and the metabolism of COVID-19 treatments (Supplementary Table S1) (13). The second study (from now on study B) included 1,350 patients between March 29th 2020 and December 31st 2021 and mainly focused on 29 SNPs related to the regulation of immune, complement and coagulation pathways (Supplementary Table S2) (manuscript in preparation).

To enroll a significant number of patients with viremia determination that would enable assessment of the relationship between viremia and COVID-19 related SNPs all participants in studies A and B who had been checked for the presence of viremia, at least one time in the first week of hospitalization (n = 340) were selected for the current study (Supplementary Figure S1). All patients were older than 18 years and had confirmed SARS-CoV-2 infection (RT-PCR, antigen or serological testing).

Blood samples for genotyping were collected during hospitalization since all patients included in this study required admission. Plasma samples for viremia quantification were collected during the first week of admission, following the hospital protocols and the criteria of the physician in charge.

All data were collected from the clinical charts and included in an anonymized electronic database.



2.2. Selection of the SNPs genotyped

A total of 38 SNPs were genotyped in the whole population of the study (Supplementary Table S3). As the 340 patients tested for viremia were part of study B (manuscript in preparation), the 29 SNPs analyzed in that study were included in the current manuscript. In study A, 120 SNPs were analyzed (13). However only 107 of the 340 patients were included in study A. Since we could not genotype these 120 SNPs in the remaining 233 patients due to the high cost, we performed a pre-analysis of the importance of these 120 SNPs among the 107 patients included in study A, selecting those with p < 0.15, as described below in the statistical analysis section. We selected 9 SNPs which were later genotyped in the remaining 233 patients. Therefore, these 9 SNPs from study A were added to the 29 SNPs from study B.



2.3. Genotyping

In study A, a Maxwell RSC automated DNA extractor (Promega) was used to extract DNA from peripheral blood. A customized genotyping array was designed and the genotype analysis was performed with a QuantStudio 12 K flex thermal cycler along with an OpenArray thermal block (Thermo Fisher Scientific). In study B (ongoing manuscript), DNA was extracted using MagNA Pure 2.0 and MagNA Pure LC DNA Isolation Kit (Roche Life Science, Basel Switzerland). To genotype the selected SNPs, qPCR was performed using QuantStudio 12 k, TaqManTM Genotyping Master Mix and TaqManTM customized 384 plates (ThermoFisher Scientific, Waltham, MA) in Parque Científico of Universidad Autónoma de Madrid. Allelic discrimination was based on allele-specific fluorescence, which was automatically defined by TaqMan SNP Genotyping App (Applied Biosystems Software). To verify assay’s accuracy, negative controls and duplicate samples were used.

The candidate SNPs selected from the study A were genotyped by qPCR using a predesigned single nucleotide polymorphism (SNP) Genotyping Taqman Assays (Applied Biosystems, Waltham, MA. Part number in Supplementary Table S3). The assay was carried out following the manufacturer’s recommendations; duplicate samples and negative controls were also included to check the accuracy of the genotyping. Each sample’s genotype was determined automatically by measuring allele-specific fluorescence on a CFX Touch Real-Time PCR System using the software CFX 3.1 Manager (BioRad, Hercules, CA, United States).



2.4. SARS-CoV-2 RNA extraction, detection and quantification

SARS-CoV-2 viremia was detected by quantitative RT-PCR (QuantStudio™ 5 Real-Time PCR System) (Applied Biosystems) using the TaqPath™ COVID-19 CE IVD RT-PCR kit (Thermo Fisher Scientific). Amplification curves were analyzed with QuantStudio™ Design and Analysis software version 2.4.3 (Applied Biosystems). All plasma samples were included in duplicates in the assay. Viral load quantification was obtained by plotting Ct values through the standard curve and only viremias with mean Ct ≤37 (approximately 1.3 log 10, namely 20 copies/mL) and standard deviation (SD) <0.5 in the duplicate test for each gene were considered quantifiable.



2.5. Variables

The main outcome of this study was the detection of SARS-CoV-2 viremia in the first week of hospitalization. A positive viremia was defined as the presence of at least one determination with a viral load above the quantification threshold (20 copies/mL).

Age was considered as an ordinal qualitative variable and was categorized in three groups: <45 years, 45–70 years and > 70 years.

Severe COVID-19 was defined as the need for mechanical ventilation (invasive or non-invasive), high-flow oxygen, or death.



2.6. Statistical analysis

Quantitative variables were expressed as mean and standard deviation (SD) or median and interquartile range (IQR) for the variables with non-normal distribution. For qualitative variables, frequency and proportions were used. To analyze statistical differences between variables, Student’s t test, Mann–Whitney or Kruskall-Wallis tests were performed for quantitative variables, and χ2 test for qualitative variables.

The selection of the candidate SNPs from study A to genotype in the remaining 233 patients was performed by analyzing the most relevant SNPs in the 107 patients who had all the SNPs genotyped. To this end, the clinical variables associated with viremia in the bivariate analysis in these 107 patients were included in a multivariate logistic regression analysis. Then, each SNP was forced in the model. SNPs with a p < 0.15 in the model were selected. Also, an analysis of the variance of the model of each SNP was performed to help make the selection.

Finally, to determine which clinical variables were associated with the presence of viremia, a multivariate logistic regression analysis was performed (Supplementary Table S4). It was first modeled by adding all the variables with a p value lower than 0.15 in the bivariate analysis. The final clinical model was reached through backward stepwise removal of variables with p value higher than 0.15. Then, all SNPs were independently included in the clinical model. Those SNPs reaching a p value lower than 0.15 were included together in the final clinical model in order to analyze interactions between them. As previously described, we used a stepwise backwards approach to design the best model for predicting viremia. Then, the jackknife method was applied to reduce bias.

All the analyses were performed with Stata 14.0 for Windows (Stata Corp LP, College Station, TX, United States). Figures were depicted with R Studio (R Core Team 2022. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria).



2.7. Ethics

This study followed the ethical principles of the Declaration of Helsinki and it was approved by the Research Ethics Committee of University Hospital La Princesa, Madrid, (register numbers 4,111 and 4,070). All patients, except those who died, gave oral or written consent to participate, which was registered in their electronic clinical chart. Due to the COVID-19 pandemic emergency, oral consent was accepted as proposed by the AEMPS (Agencia Española de Medicamentos y Productos Sanitarios, The Spanish Agency for Medicines and Medical Devices).




3. Results


3.1. Clinical variables associated with SARS-CoV-2 viremia

The study population included 60.9% male and 79.4% white non-Hispanic patients, with a mean age of 64.5 years (SD 16.6). The most frequent comorbidities were hypertension (40.3%), dyslipidemia (38.5%), obesity (15.9%) and diabetes mellitus (15.4%) as shown in Table 1. Treatment during hospitalization and analytical variables are shown in Supplementary Table S5.



TABLE 1 Demographic and clinical data by viremia status.
[image: Table1]

Of all patients, 126 (37.1%) had at least one positive SARS-CoV-2 viremia during the first week of hospitalization. Patients with viremia were more frequently male (72.2% vs. 54.2%, p = 0.001), dyslipidemic (45.2% vs. 34.6%, p = 0.05), had more severe disease (16.4% vs. 62.7%, p < 0.0001) and were more frequently treated with Angiotensin Converting Enzyme Inhibitors (ACEI) (22.2% vs. 9.4%, p = 0.001), as described in Table 1.

Multivariate analysis shown in Supplementary Table S6 and Figure 1 demonstrated that viremia was higher in males above 45 y-o compared to women younger than 45 y-o (OR 6.72 for 45 to 70y-o and OR 7.47 for >70 y-o; p = 0.08 and p = 0.07 respectively), in those with dyslipidemia [OR 1.57 (95%CI 0.89–2.76); p = 0.12], severe COVID-19 [OR 7.73 (95%CI 4.39–13.62); p < 0.0001], and those treated with ACEI (OR 1.79 [95%CI 0.82–3.89]; p = 0.14). By contrast, patients with dementia [OR 0.27 (95%CI 0.05–1.58); p = 0.147] and treatment with Angiotensin Receptor Blocker (ARB) [OR 0.34 (95%CI 0.34–0.7); p = 0.007] had viremia less frequently.

[image: Figure 1]

FIGURE 1
 Clinical model. Forest plot with the Odds ratio and 95% Confidence Interval of each variable in the clinical model. Blue dots: protective effect against viremia. Red dots, favors viremia. ARB, Angiotensin II Receptor Blocker; ACEI, Angiotensin Converting Enzyme Inhibitor; y.o.: years old.




3.2. Genetic factors associated with viremia

Once the clinical model was established each of the 38 SNPs (9 from study A and 29 from study B) were individually included/forced in the model (Supplementary Table S7). Among them, 15 reached a value of p<0.15: rs33980500, rs13196377 and rs13190932 (TRAF3IP2), rs11052877 (CD69), rs2071746 (HMOX1), rs713400 (TMPRSS2), rs78958998 (SERPING1), rs541862 (CFB), rs438781 (CFHR1), rs12408446 (CFHR3), rs731034 (COLEC11), rs2660 (OAS1), rs280500 (TYK2), rs896 (VIPR1) and rs885863 (VIPR2). Of the three SNPs in TRAF3IP2, only rs33980500 was considered, as the three of them act in the same pathway and this SNP had the best performance. Also, rs43878 in CFHR1 and rs12408446 in CFHR3 were excluded because they had a high number of missing values. The rest of SNPs were included altogether with the clinical variables in order to determine interactions between them and also with clinical variables.

Interestingly, in this last composite multivariate analysis (Table 2) most variables, especially the relationship with age and sex, improved their association with viremia both in terms of OR and value of p, except for rs713400 in TMPRSS2 which slightly worsened. Thus, after adjustment by clinical and therapeutic variables the presence of the minor alleles of rs2071746 (HMOX1; T/T genotype OR 9.9 p < 0.0001), rs78958998 (probably associated with SERPING1 expression; A/T genotype OR 2.3, p = 0.04 and T/T genotype OR 12.9, p < 0.0001), and rs713400 (eQTL for TMPRSS2; C/T + T/T genotype OR 1.86, p = 0.10) were associated with higher risk of viremia, whereas the minor alleles of rs11052877 (CD69; A/G genotype OR 0.5, p = 0.04 and G/G genotype OR 0.3, p = 0.01), rs2660 (OAS1; A/G genotype OR 0.6, p = 0.08), rs896 (VIPR1; T/T genotype OR 0.4, p = 0.02) and rs33980500 (TRAF3IP2; C/T + T/T genotype OR 0.3, p = 0.01) were associated with lower risk of viremia. The predicted probability of viremia per genotype of every significant SNP in this model is shown in Figure 2.



TABLE 2 Final model of variables predicting viremia.
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FIGURE 2
 Predicted probability of viremia. Percentage and 95% Confidence Interval of predicted probability of viremia for each SNP genotype in the final model: SERPING1 (rs78958998), CD69 (rs11052877), HMOX1 (rs2071746), TRAF3IP2 (rs33980500), TMPRSS2 (rs713400), OAS1 (rs2660) and VIPR1 (rs896).





4. Discussion

After 3 years of pandemic, COVID-19 remains as a very heterogeneous clinical picture with few reliable biomarkers for severity prediction at the beginning of disease. Among them, the presence of SARS-CoV-2 viremia seems to be the most solid (5). Although several genome wide analysis studies have been performed to find genetic variants associated with disease severity, to the best of our knowledge, this is the first study that has assessed the relationship between different genetic variants and SARS-CoV-2 viremia. Our results show than only one genetic variant related with SARS-CoV-2 replication (rs713400 for TMPRSS2), and four related with inflammation/immune regulation (rs33980500 for TRAF3IP2, rs11052877 for CD69, rs2071746 for HMOX1 and rs78958998 for SERPING1) were associated with the presence of viremia.

These results were obtained under careful adjustment by several confounding variables previously suggested as factors associated with COVID-19 severity (3, 21). On the other hand, we must take into account that severity and viremia correlate. However, after adjusting our analysis by COVID-19 severity, the 7 SNPs described remained significant (except for rs713400 in TMPRSS2 and rs2660 in OAS1), meaning that their association with viremia was independent of severity (Supplementary Table S8). This approach allowed us to realize that both genetic and clinical variables improved their performance when they were analyzed together, suggesting that the mechanisms leading to viremia and, therefore, COVID-19 severity involve complex interactions between genetic, sociodemographic, therapeutic and clinical factors. Furthermore, the most important variables to predict viremia seemed to be age and sex, supporting that, as in many other diseases, genetic background is made up of many items with a low contribution by each one (22, 23).

TMPRSS2 encodes a transmembrane protease serine 2 involved in SARS-CoV-2 entry into host cells, by cleaving the spike (S) protein (24). rs713400 location in the 5’UTR of TMPRSS2 could influence the expression of this gene (25). Our data indicate that carrying one copy of the T allele in rs713400 could be associated with higher prevalence of viremia, although after adjusting by COVID-19 severity this SNP was not significant (data not shown: p = 0.004 in a previous model without severity). Taking into account the role of TMPRSS2 in viral entrance, this SNP could be associated with both viremia and severity. Thus, changes in TMPRSS2 expression could modify the ability of SARS-CoV-2 to infect host cells and disseminate. In addition, several authors have assessed the influence of genetic variants of TMPRSS2, finding that some SNPs such as rs12329760 or rs75603675 are associated with COVID-19 severity (13, 15, 26–28).

Regarding immune system modulation, TRAF3IP2 encodes for ACT1, a signaling adaptor involved in the regulation of IL-17-dependent immune responses and the activation of NF-κB (29). The variant rs33980500 is mainly associated with psoriasis and is located in a coding region of this gene, causing a change from aspartic to asparagine. Functional assays have found that this change causes a reduced binding of TRAF6 to ACT1, thereby leading to a decrease in IL-17 and Th17 responses (30, 31). In this regard, it has been proposed that Th17 cells play an important role in COVID-19 by promoting a proinflammatory immune response, with a correlation between intense Th17 responses and COVID-19 severity (32). Patients carrying the T allele in rs33980500 might have a weaker activation of IL-17-dependent proinflammatory pathways with a better viral control.

CD69 also plays an important regulatory role in the immune system. CD69 deficient mice display more severe clinical pictures in the collagen induced arthritis and autoimmune myocarditis murine models (33, 34) and show an enhanced differentiation toward Th17 cells (35). In addition, in humans CD69 expression is decreased in Treg cells from patients with systemic scleroderma (36) and response to tocilizumab is higher in rheumatoid arthritis patients homozygous for the mayor allele of rs11052877 (37). Here, we have described that patients carrying the minor allele of rs11052877 show a lower risk of SARS-CoV-2 viremia, in an additive fashion. In addition, we previously reported that patients with viremia show higher levels of IL-6 compared to those without viremia (38), and therefore, higher possibility of having a good response to tocilizumab (39). Although there are no studies on the role of rs11052877 in CD69 expression, this SNP is located in the 3’ UTR which usually involves regulatory functions. Accordingly, it is tempting to propose that patients carrying the minor allele of rs11052877 could have higher levels of CD69 expression, therefore leading to decreased Th17 responses to the virus allowing less inflammatory responses though with a better control of viral spreading.

VIPR1 encodes the Vasoactive Intestinal Peptide (VIP) receptor type 1, called VPAC1. Through its binding to VPAC1 (constitutively expressed) o VPAC2 (inducible), VIP is involved in the anti-inflammatory response by promoting the expression of anti-inflammatory cytokines and inhibiting the production of pro-inflammatory cytokines such as TNF-∝ or IL-12 (40). In addition, VIP also plays a role in the regulation of Th cells, decreasing the profile of cytokines related to Th1 and Th17, inhibiting Th17 and its pathogenic phenotype (40). The rs896 in the 3’UTR of VIPR1 has been shown to regulate the expression of VPAC1. The presence of the C allele has been associated with a decreased gene expression and an enhanced binding of the miRNA 525-5p, which decreases VPAC1 expression (41). This SNP has not been studied in COVID-19, but VIP levels were increased in patients with severe disease and correlated with lower levels of inflammatory biomarkers and survival of those patients (42). In this regard, we show that the T allele of rs896 was associated with lower risk of viremia, probably due to an increased expression of VPAC1 compared to C allele, promoting an anti-inflammatory response and the inhibition of Th17.

OAS1 (2′-5′ oligoadenylate synthetase 1) is part of the interferon I pathway and its main role is the activation of L RNAse, which is involved in the control of viral dissemination by degrading viral RNA (43). rs2660 in the 3’ UTR of OAS1 has been previously associated with SARS-CoV infection, being the genotypes A/G and G/G protective (44). This SNP has also been studied in COVID-19, the study of Banday et al. found that the A allele entailed higher risk of hospitalization, as well as lower viral clearance efficiency (although this was not significant) (45). Probably these results are due to an increased enzymatic activity in OAS1 associated to the G/G genotype, the Neanderthal variant, compared to A/A genotype (46, 47). In our cohort, the A/G genotype had a tendency (p = 0.08) to be protective against viremia, which is consistent with the evidence described, as the G allele is associated with increased OAS1 activity and thus, viral clearance.

Another gene related to COVID-19 pathogenesis is HMOX1, which encodes heme oxygenase one (HO-1), a protein involved in heme catabolism with anti-inflammatory effects (48). HO-1 levels are associated with acute respiratory distress syndrome (ARDS) (49, 50), as well as with COVID-19 severity (51, 52) and this gene has been proposed as a therapeutic target for this disease (53–55). The SNP rs2071746 has not been linked specifically to COVID-19 but Ono et al. showed that the A allele increased HMOX1 promoter activity compared to the T allele (56, 57). This fact could lead to a protective anti-inflammatory and antiviral effect of the A allele by increasing the expression of IL-10 and the interferon signaling pathway as well as promoting the switch to anti-inflammatory M2 macrophages (58–60). This fits well with our observation that patients homozygous for the T allele of rs2071746 show higher levels of viremia.

Finally, and also in accordance with the notion that excessive inflammatory responses can be associated with lower capability to control SARS-CoV-2 spreading, rs78958998 has been described as an eQTL for SERPING1, and one study suggested its association with COVID-19 (61). SERPING1 encodes the protein C1 inhibitor (C1INH) which is involved in complement and coagulation pathways as well as contact system by inhibiting C1r and C1s or activated factor XI and XII, among others (62). Although C1INH levels are increased in patients with COVID-19, it might be insufficient to control thromboinflammation. Reasons for this include a relative deficiency due to an uncontrolled activation of complement and coagulation cascades, together with the limitation of its regulatory activity caused by the interaction with SARS-CoV-2 proteins (63, 64). Since complement activation is involved in virus neutralization and virolysis, impaired SERPING1 expression could contribute to virus dissemination and viremia (65).

Although the implication of the variants presented in this manuscript in the prevalence of viremia is attractive and based on the function of each of the genes, many of the SNPs described above have not been studied in COVID-19 patients. In addition, functional studies are needed to correlate these variants with their gene expression and protein activity.

The main limitation of this study is the small sample size, which was affected by the previous studies of our group. However, this sample size was enough to find significant differences in those SNPs with the strongest effect. Obviously, a wider approach in terms of genetic variations would be desirable; however, the study of a higher number of genes was precluded by two issues, the high economic cost of these studies, and the need of a larger number of patients. Another important limitation is the lack of data about SARS-CoV-2 variants and vaccination status, which could differentially affect infectivity and prevalence of viremia. However, most of the patients suffered from COVID-19 between the first and the fourth waves of the pandemic, so the effect of vaccination could be considered minor.

In conclusion, SARS-CoV-2 viremia was associated with variants of rs2071746 (HMOX1) rs78958998 (SERPING1), rs713400 (TMPRSS2), rs11052877 (CD69), rs33980500 (TRAF3IP2), rs2660 (OAS1) and rs896 (VIPR1), after adjusting by age and sex, COVID-19 severity and treatment with ACE inhibitors and Angiotensin II blockers. Nevertheless, these results should be validated in a different cohort.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number (s) can be found at: https://doi.org/10.5281/zenodo.7882217.



Ethics statement

The studies involving humans were approved by Research Ethics Committee of University Hospital La Princesa, Madrid. The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee/institutional review board waived the requirement of written informed consent for participation from the participants or the participants' legal guardians/next of kin because due to the COVID-19 pandemic emergency, oral consent was accepted as proposed by the AEMPS (Agencia Española de Medicamentos y Productos Sanitarios, The Spanish Agency for Medicines and Medical Devices).



Author contributions

ER-V, LC, and IG-Á designed the study and wrote the first draft of the manuscript. ER-V, AL, JG-R, GVG, PZ, MC, LR, MS, CR, AV, JR, CM, JH, FA, IS, DR, RG-V, CSF, and RPG included patients in the study and collected data. RC-R, SC-O, PD-W, AM-J, CM-C, and EF-R extracted and processed samples. ER-V, SC-O, PD-W, AT-M, and NZ-C performed laboratory determinations. ER-V, NM, and IG-Á analyzed data. ER-V, PZ, SC-O, PD-W, AT-M, NM, RC-R, NZ-C, AM-J, AL, JG-R, GVG, AV, JR, CM, JH, PD-F, FA, IS, DR, RG-V, CSF, EF-R, IG-Á, and LC reviewed the final draft. All authors contributed to the article and approved the submitted version.



Group members of PREDINMUN-COVID group

Internal Medicine-Infectious Diseases: Ana Barrios, Jesús Sanz, Pedro Casado, Ángela Gutiérrez, Azucena Bautista, Pilar Hernández, Nuria Ruiz Giménez, Berta Moyano, Paloma Gil, María Jesús Delgado, Pedro Parra, Beatriz Sánchez, Carmen Sáez, Marta Fernández Rico, Cristina Arévalo Román; Rheumatology: Santos Castañeda, Irene Llorente, Eva G. Tomero, Noelia García Castañeda, Miren Uriarte; Microbiology: Leticia Fontán García-Rodrigo, Diego Domingo García, Teresa Alarcón Cavero, María Auxiliadora Semiglia Chong, Ainhoa Gutiérrez Cobos; Immunology: Francisco Sánchez-Madrid, Enrique Martín Gayo, Ildefonso Sánchez-Cerrillo, Pedro Martínez-Fleta, Celia López-Sanz, Ligia Gabrie, Luciana del Campo Guerola, Reyes Tejedor; Pneumology: Julio Ancochea, Elena García Castillo, Elena Ávalos, Ana Sánchez-Azofra, Tamara Alonso, Carolina Cisneros, Claudia Valenzuela, Francisco Javier García Pérez, Rosa María Girón, Javier Aspa, Celeste Marcos, M. del Perpetuo Socorro Churruca, Enrique Zamora, Adrián Martínez, Mar Barrio Mayo, Rosalina Henares Espi; Anesthesiology: Rosa Méndez, David Arribas; Intensive Care Unit: Marta Chicot Llano, Begoña González, Begoña Quicios, Pablo Patiño, Marina Trigueros, Cristina Dominguez Peña, David Jiménez Jiménez, Pablo Villamayor, Alfonso Canabal; Hematology: Rafael de la Cámara, Javier Ortiz, Isabel Iturrate.



Funding

This study was funded with grants: “Fondos Supera COVID19” by Banco Santander and CRUE to CSF, RG-V, CM-C, and RPG; RD21/0002/0027, PI18/0371 and PI21/00526 to IG-Á, and PI19/00096 to EF-R from Ministerio de Economía y Competitividad (Instituto de Salud Carlos III) and co-funded by European regional development fund (ERDF) “A way to make Europe”; and co-financed by the Community of Madrid through the Covid 2019 Aid. The work of ER-V has been funded by a Rio-Hortega grant CM19/00149 from the Ministerio de Economía y Competitividad (Instituto de Salud Carlos III) and co-funded by The European Regional Development Fund (ERDF) “A way to make Europe.” GVG is co-financed by Instituto de Salud Carlos III (ISCIII) and the European Social Fund (PFIS predoctoral grant, number FI20/00090). PZ is financed by Universidad Autónoma de Madrid, Margarita Salas contract, grants for the requalification of the Spanish university system. None of these sponsors have had any role in study design; in the collection, analysis, and interpretation of data; in the writing of the report; and in the decision to submit the article for publication.



Acknowledgments

The authors thanks to our patients and relatives for agreeing with the use of pseudonymized clinical data and surpluses of clinical samples to perform this study, and Manuel Gomez Gutierrez, PhD for his excellent editing assistance.



Conflict of interest

FA, has been consultant or investigator in clinical trials sponsored by the following pharmaceutical companies: Abbott, Alter, Aptatargets, Chemo, FAES, Farmalíder, Ferrer, Galenicum, GlaxoSmithKline, Gilead, Italfarmaco, Janssen-Cilag, Kern, Normon, Novartis, Servier, Teva and Zambon. IG-Á reports grants from Instituto de Salud Carlos III, during the course of the study; personal fees from Lilly and Sanofi; personal fees and non-financial support from BMS; personal fees and non-financial support from Abbvie; research support, personal fees and non-financial support from Roche Laboratories; research support from Gebro Pharma; non-financial support from MSD, Pfizer and Novartis, not related to the submitted work.

The remaining 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 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/fmed.2023.1215246/full#supplementary-material



References

 1. World Health Organization. WHO coronavirus (COVID-19) dashboard. (2023) Available at: https://covid19.who.int/table. Accessed April 17, 2023

 2. Zhang, JJY, Lee, KS, Ang, LW, Leo, YS, and Young, BE. Risk factors for severe disease and efficacy of treatment in patients infected with COVID-19: A systematic review, Meta-analysis, and Meta-regression analysis. Clin Infect Dis. (2020) 71:2199–206. doi: 10.1093/cid/ciaa576 

 3. Zhou, F, Yu, T, du, R, Fan, G, Liu, Y, Liu, Z , et al. Clinical course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet. (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3 

 4. Cardeñoso Domingo, L, Roy Vallejo, E, Zurita Cruz, ND, Chicot Llano, M, Ávalos Pérez-Urria, E, Barrios, A , et al. Relevant SARS-CoV-2 viremia is associated with COVID-19 severity: prospective cohort study and validation cohort. J Med Virol. (2022) 94:5260–70. doi: 10.1002/jmv.27989

 5. Rodríguez-Serrano, DA, Roy-Vallejo, E, Zurita Cruz, ND, Martín Ramírez, A, Rodríguez-García, SC, Arevalillo-Fernández, N , et al. Detection of SARS-CoV-2 RNA in serum is associated with increased mortality risk in hospitalized COVID-19 patients. Sci Rep. (2021) 11:13134. doi: 10.1038/s41598-021-92497-1 

 6. Fajnzylber, J, Regan, J, Coxen, K, Corry, H, Wong, C, Rosenthal, A , et al. SARS-CoV-2 viral load is associated with increased disease severity and mortality. Nat Commun. (2020) 11:5493. doi: 10.1038/s41467-020-19057-5 

 7. Jacobs, JL, Bain, W, Naqvi, A, Staines, B, Castanha, PMS, Yang, H , et al. SARS-CoV-2 viremia is associated with COVID-19 severity and predicts clinical outcomes. Clin Infect Dis. (2021) 74:1525–33. doi: 10.1093/cid/ciab686 

 8. Tan, C, Li, S, Liang, Y, Chen, M, and Liu, J. SARS-CoV-2 viremia may predict rapid deterioration of COVID-19 patients. Braz J Infect Dis. (2020) 24:565–9. doi: 10.1016/j.bjid.2020.08.010 

 9. Tang, K, Wu, L, Luo, Y, and Gong, B. Quantitative assessment of SARS-CoV-2 RNAemia and outcome in patients with coronavirus disease 2019. J Med Virol. (2021) 93:3165–75. doi: 10.1002/jmv.26876 

 10. Hagman, K, Hedenstierna, M, Rudling, J, Gille-Johnson, P, Hammas, B, Grabbe, M , et al. Duration of SARS-CoV-2 viremia and its correlation to mortality and inflammatory parameters in patients hospitalized for COVID-19: a cohort study. Diagn Microbiol Infect Dis. (2022) 102:115595. doi: 10.1016/j.diagmicrobio.2021.115595 

 11. Myhre, PL, Prebensen, C, Jonassen, CM, Berdal, JE, and Omland, T. SARS-CoV-2 viremia is associated with inflammatory, but not cardiovascular biomarkers, in patients hospitalized for COVID-19. JAHA. (2021) 10:e019756. doi: 10.1161/JAHA.120.019756 

 12. Li, Y, Schneider, AM, Mehta, A, Sade-Feldman, M, Kays, KR, Gentili, M , et al. SARS-CoV-2 viremia is associated with distinct proteomic pathways and predicts COVID-19 outcomes. J Clin Investig. (2021) 131:e148635. doi: 10.1172/JCI148635 

 13. Villapalos-García, G, Zubiaur, P, Rivas-Durán, R, Campos-Norte, P, Arévalo-Román, C, Fernández-Rico, M , et al. Transmembrane protease serine 2 (TMPRSS2) rs 75603675, comorbidity, and sex are the primary predictors of COVID-19 severity. Life Sci Alliance. (2022) 5:e202201396. doi: 10.26508/lsa.202201396 

 14. Paniri, A, Hosseini, MM, Moballegh-Eslam, M, and Akhavan-Niaki, H. Comprehensive in silico identification of impacts of ACE2 SNPs on COVID-19 susceptibility in different populations. Gene Reports. (2021) 22:100979. doi: 10.1016/j.genrep.2020.100979 

 15. Latini, A, Agolini, E, Novelli, A, Borgiani, P, Giannini, R, Gravina, P , et al. COVID-19 and genetic variants of protein involved in the SARS-CoV-2 entry into the host cells. Genes. (2020) 11:1010. doi: 10.3390/genes11091010 

 16. Brest, P, Refae, S, Mograbi, B, Hofman, P, and Milano, G. Host polymorphisms May impact SARS-CoV-2 infectivity. Trends Genet. (2020) 36:813–5. doi: 10.1016/j.tig.2020.08.003 

 17. Karcioglu Batur, L, and Hekim, N. Correlation between interleukin gene polymorphisms and current prevalence and mortality rates due to novel coronavirus disease 2019 (COVID-2019) in 23 countries. J Med Virol. (2021) 93:5853–63. doi: 10.1002/jmv.27127 

 18. Ellinghaus, D, Degenhardt, F, Bujanda, L, Buti, M, Albillos, A, and Invernizzi, P. The severe Covid-19 GWAS group. Genomewide association study of severe Covid-19 with respiratory failure. N Engl J Med. (2020) 383:1522–34. doi: 10.1056/NEJMoa2020283 

 19. The Gen OMICC Investigators. The ISARIC4C investigators, the COVID-19 human genetics initiative, 23andMe investigators, BRACOVID investigators, gen-COVID investigators, Pairo-Castineira E, Clohisey S, Klaric L, Bretherick AD, et al. genetic mechanisms of critical illness in COVID-19. Nature. (2021) 591:92–8. doi: 10.1038/s41586-020-03065-y

 20. Anastassopoulou, C, Gkizarioti, Z, Patrinos, GP, and Tsakris, A. Human genetic factors associated with susceptibility to SARS-CoV-2 infection and COVID-19 disease severity. Hum Genomics. (2020) 14:40. doi: 10.1186/s40246-020-00290-4 

 21. Wu, C, Chen, X, Cai, Y, Xia, J, Zhou, X, Xu, S , et al. Risk factors associated with acute respiratory distress syndrome and death in patients with coronavirus disease 2019 pneumonia in Wuhan, China. JAMA Intern Med. (2020) 180:934–43. doi: 10.1001/jamainternmed.2020.0994 

 22. Lipoldová, M, and Demant, P. Genetic susceptibility to infectious disease: lessons from mouse models of leishmaniasis. Nat Rev Genet. (2006) 7:294–305. doi: 10.1038/nrg1832 

 23. Tremblay, J, and Hamet, P. Environmental and genetic contributions to diabetes. Metabolism. (2019) 100:153952. doi: 10.1016/j.metabol.2019.153952

 24. Hoffmann, M, Kleine-Weber, H, Schroeder, S, Krüger, N, Herrler, T, Erichsen, S , et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibitor. Cells. (2020) 181:271–280.e8. doi: 10.1016/j.cell.2020.02.052 

 25. Senapati, S, Kumar, S, Singh, AK, Banerjee, P, and Bhagavatula, S. Assessment of risk conferred by coding and regulatory variations of TMPRSS2 and CD26 in susceptibility to SARS-CoV-2 infection in human. J Genet. (2020) 99:53. doi: 10.1007/s12041-020-01217-7 

 26. Rokni, M, Heidari Nia, M, Sarhadi, M, Mirinejad, S, Sargazi, S, Moudi, M , et al. Association of TMPRSS2 gene polymorphisms with COVID-19 severity and mortality: a case-control study with computational analyses. Appl Biochem Biotechnol. (2022) 194:3507–26. doi: 10.1007/s12010-022-03885-w 

 27. Hou, Y, Zhao, J, Martin, W, Kallianpur, A, Chung, MK, Jehi, L , et al. New insights into genetic susceptibility of COVID-19: an ACE2 and TMPRSS2 polymorphism analysis. BMC Med. (2020) 18:216. doi: 10.1186/s12916-020-01673-z 

 28. David, A, Parkinson, N, Peacock, TP, Pairo-Castineira, E, Khanna, T, Cobat, A , et al. A common TMPRSS2 variant has a protective effect against severe COVID-19. Current Res Transl Med. (2022) 70:103333. doi: 10.1016/j.retram.2022.103333 

 29. Qian, Y, Liu, C, Hartupee, J, Altuntas, CZ, Gulen, MF, Jane-wit, D , et al. The adaptor act 1 is required for interleukin 17–dependent signaling associated with autoimmune and inflammatory disease. Nat Immunol. (2007) 8:247–56. doi: 10.1038/ni1439 

 30. Ellinghaus, E, Ellinghaus, D, Stuart, PE, Nair, RP, Debrus, S, Raelson, JV , et al. Genome-wide association study identifies a psoriasis susceptibility locus at TRAF3IP2. Nat Genet. (2010) 42:991–5. doi: 10.1038/ng.689 

 31. Hüffmeier, U, Uebe, S, Ekici, AB, Bowes, J, Giardina, E, Korendowych, E , et al. Common variants at TRAF3IP2 are associated with susceptibility to psoriatic arthritis and psoriasis. Nat Genet. (2010) 42:996–9. doi: 10.1038/ng.688 

 32. Martonik, D, Parfieniuk-Kowerda, A, Rogalska, M, and Flisiak, R. The role of Th17 response in COVID-19. Cells. (2021) 10:1550. doi: 10.3390/cells10061550 

 33. Sancho, D, Gómez, M, Viedma, F, Esplugues, E, Gordón-Alonso, M, Angeles García-López, M , et al. CD69 downregulates autoimmune reactivity through active transforming growth factor-β production in collagen-induced arthritis. J Clin Invest. (2003) 112:872–82. doi: 10.1172/JCI200319112 

 34. Cruz-Adalia, A, Jiménez-Borreguero, LJ, Ramírez-Huesca, M, Chico-Calero, I, Barreiro, O, López-Conesa, E , et al. CD69 limits the severity of cardiomyopathy after autoimmune myocarditis. Circulation. (2010) 122:1396–404. doi: 10.1161/CIRCULATIONAHA.110.952820 

 35. Martín, P, Gómez, M, Lamana, A, Cruz-Adalia, A, Ramírez-Huesca, M, Ursa, MÁ , et al. CD69 association with Jak 3/Stat5 proteins regulates Th17 cell differentiation. Mol Cell Biol. (2010) 30:4877–89. doi: 10.1128/MCB.00456-10 

 36. Radstake, TRDJ, van Bon, L, Broen, J, Wenink, M, Santegoets, K, Deng, Y , et al. Increased frequency and compromised function of T regulatory cells in systemic sclerosis (SSc) is related to a diminished CD69 and TGFβ expression. PLoS One. (2009) 4:e 5981. doi: 10.1371/journal.pone.0005981

 37. Wang, J, Bansal, AT, Martin, M, Germer, S, Benayed, R, Essioux, L , et al. Genome-wide association analysis implicates the involvement of eight loci with response to tocilizumab for the treatment of rheumatoid arthritis. Pharmacogenomics J. (2013) 13:235–41. doi: 10.1038/tpj.2012.8 

 38. Roy-Vallejo, E, Cardeñoso, L, Triguero-Martínez, A, Chicot Llano, M, Zurita, N, Ávalos, E , et al. SARS-CoV-2 viremia precedes an IL6 response in severe COVID-19 patients: results of a longitudinal prospective cohort. Front Med. (2022) 9:22269734. doi: 10.1101/2022.01.24.22269734 

 39. Galván-Román, JM, Rodríguez-García, SC, Roy-Vallejo, E, Marcos-Jiménez, A, Sánchez-Alonso, S, Fernández-Díaz, C , et al. IL-6 serum levels predict severity and response to tocilizumab in COVID-19: an observational study. J Allergy Clin Immunol. (2020) 147:72–80.e8. doi: 10.1016/j.jaci.2020.09.018 

 40. Martínez, C, Juarranz, Y, Gutiérrez-Cañas, I, Carrión, M, Pérez-García, S, Villanueva-Romero, R , et al. A clinical approach for the use of VIP Axis in inflammatory and autoimmune diseases. IJMS. (2019) 21:65. doi: 10.3390/ijms21010065 

 41. Paladini, F, Porciello, N, Camilli, G, Tuncer, S, Cocco, E, Fiorillo, MT , et al. Single nucleotide polymorphisms in the 3′UTR of VPAC-1 cooperate in modulating gene expression and impact differently on the interaction with mi R525-5p. PLoS One. (2014) 9:e112646. doi: 10.1371/journal.pone.0112646 

 42. Temerozo, JR, Sacramento, CQ, Fintelman-Rodrigues, N, Pão, CRR, De Freitas, CS, Dias, SSG , et al. VIP plasma levels associate with survival in severe COVID-19 patients, correlating with protective effects in SARS-CoV-2-infected cells. J Leukoc Biol. (2022) 111:1107–21. doi: 10.1002/JLB.5COVA1121-626R 

 43. Choi, UY, Kang, J-S, Hwang, YS, and Kim, Y-J. Oligoadenylate synthase-like (OASL) proteins: dual functions and associations with diseases. Exp Mol Med. (2015) 47:e144–4. doi: 10.1038/emm.2014.110 

 44. He, J, Feng, D, de Vlas, SJ, Wang, H, Fontanet, A, Zhang, P , et al. Association of SARS susceptibility with single nucleic acid polymorphisms of OAS1 and MxA genes: a case-control study. BMC Infect Dis. (2006) 6:106. doi: 10.1186/1471-2334-6-106 

 45. Banday, AR, Stanifer, ML, Florez-Vargas, O, Onabajo, OO, Papenberg, BW, Zahoor, MA , et al. Genetic regulation of OAS1 nonsense-mediated decay underlies association with COVID-19 hospitalization in patients of European and African ancestries. Nat Genet. (2022) 54:1103–16. doi: 10.1038/s41588-022-01113-z

 46. Zeberg, H, and Pääbo, S. The major genetic risk factor for severe COVID-19 is inherited from Neanderthals. Nature. (2020) 587:610–2. doi: 10.1038/s41586-020-2818-3 

 47. Bonnevie-Nielsen, V, Leigh Field, L, Lu, S, Zheng, D-J, Li, M, Martensen, PM , et al. 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. (2005) 76:623–33. doi: 10.1086/429391 

 48. Ryter, SW, and Choi, AMK. Targeting heme oxygenase-1 and carbon monoxide for therapeutic modulation of inflammation. Transl Res. (2016) 167:7–34. doi: 10.1016/j.trsl.2015.06.011 

 49. Mumby, S, Upton, RL, Chen, Y, Stanford, SJ, Quinlan, GJ, Nicholson, AG , et al. Lung heme oxygenase-1 is elevated in acute respiratory distress syndrome. Crit Care Med. (2004) 32:1130–5. doi: 10.1097/01.CCM.0000124869.86399.F2

 50. Fredenburgh, LE, Perrella, MA, and Mitsialis, SA. The role of Heme Oxygenase-1 in pulmonary disease. Am J Respir Cell Mol Biol. (2007) 36:158–65. doi: 10.1165/rcmb.2006-0331TR 

 51. Hara, Y, Tsukiji, J, Yabe, A, Onishi, Y, Hirose, H, Yamamoto, M , et al. Heme oxygenase-1 as an important predictor of the severity of COVID-19. PLoS One. (2022) 17:e0273500. doi: 10.1371/journal.pone.0273500 

 52. Chen, H-Y, Tzeng, I-S, Tsai, K-W, Wu, Y-K, Cheng, C-F, Lu, K-C , et al. Association between heme oxygenase one and sepsis development in patients with moderate-to-critical COVID-19: a single-center, retrospective observational study. Eur J Med Res. (2022) 27:275. doi: 10.1186/s40001-022-00915-5 

 53. Rossi, M, Piagnerelli, M, Van Meerhaeghe, A, and Zouaoui, BK. Heme oxygenase-1 (HO-1) cytoprotective pathway: A potential treatment strategy against coronavirus disease 2019 (COVID-19)-induced cytokine storm syndrome. Med Hypotheses. (2020) 144:110242. doi: 10.1016/j.mehy.2020.110242 

 54. Singh, D, Wasan, H, and Reeta, KH. Heme oxygenase-1 modulation: A potential therapeutic target for COVID-19 and associated complications. Free Radic Biol Med. (2020) 161:263–71. doi: 10.1016/j.freeradbiomed.2020.10.016 

 55. Batra, N, De Souza, C, Batra, J, Raetz, AG, and Yu, A-M. The HMOX1 pathway as a promising target for the treatment and prevention of SARS-CoV-2 of 2019 (COVID-19). IJMS. (2020) 21:6412. doi: 10.3390/ijms21176412 

 56. Ono, K, Goto, Y, Takagi, S, Baba, S, Tago, N, Nonogi, H , et al. A promoter variant of the heme oxygenase-1 gene may reduce the incidence of ischemic heart disease in Japanese. Atherosclerosis. (2004) 173:313–7. doi: 10.1016/j.atherosclerosis.2003.11.021 

 57. Ono, K, Mannami, T, and Iwai, N. Association of a promoter variant of the haeme oxygenase-1 gene with hypertension in women. J Hypertens. (2003) 21:1497–503. doi: 10.1097/00004872-200308000-00013 

 58. Otterbein, LE, Bach, FH, Alam, J, Soares, M, Tao, LH, Wysk, M , et al. Carbon monoxide has anti-inflammatory effects involving the mitogen-activated protein kinase pathway. Nat Med. (2000) 6:422–8. doi: 10.1038/74680 

 59. Naito, Y, Takagi, T, and Higashimura, Y. Heme oxygenase-1 and anti-inflammatory M2 macrophages. Arch Biochem Biophys. (2014) 564:83–8. doi: 10.1016/j.abb.2014.09.005

 60. Tzima, S, Victoratos, P, Kranidioti, K, Alexiou, M, and Kollias, G. Myeloid heme oxygenase–1 regulates innate immunity and autoimmunity by modulating IFN-β production. J Exp Med. (2009) 206:1167–79. doi: 10.1084/jem.20081582 

 61. Ramlall, V, Thangaraj, PM, Meydan, C, Foox, J, Butler, D, Kim, J , et al. Immune complement and coagulation dysfunction in adverse outcomes of SARS-CoV-2 infection. Nat Med. (2020) 26:1609–15. doi: 10.1038/s41591-020-1021-2 

 62. Marcelino-Rodriguez, I, Callero, A, Mendoza-Alvarez, A, Perez-Rodriguez, E, Barrios-Recio, J, Garcia-Robaina, JC , et al. Bradykinin-mediated angioedema: an update of the genetic causes and the impact of genomics. Front Genet. (2019) 10:900. doi: 10.3389/fgene.2019.00900 

 63. Urwyler, P, Moser, S, Trendelenburg, M, Sendi, P, and Osthoff, M. Targeting thromboinflammation in COVID-19 – A narrative review of the potential of C1 inhibitor to prevent disease progression. Mol Immunol. (2022) 150:99–113. doi: 10.1016/j.molimm.2022.08.008 

 64. Hausburg, MA, Williams, JS, Banton, KL, Mains, CW, Roshon, M, and Bar-Or, D. C1 esterase inhibitor-mediated immunosuppression in COVID-19: friend or foe? Clin Immun Commun. (2022) 2:83–90. doi: 10.1016/j.clicom.2022.05.001

 65. Agrawal, P, Nawadkar, R, Ojha, H, Kumar, J, and Sahu, A. Complement evasion strategies of viruses: an overview. Front Microbiol. (2017) 8:1117. doi: 10.3389/fmicb.2017.01117 



OPS/images/fmed-10-1215246-t001.jpg
Age; mean (SD)
Male sex; n (%)
Racefethnicity; 1 (%)
‘White, non-Hispanic
White, Hispanic
Afrodescendent
Asian
Hypertension; n (%)
Dyslipidemia; (%)
Diabetes mellitus
‘Without organ damage
With organ damage
Obesity; n (%)
Dementia; 1 (%)
Chronic Obstructive Pulmonary Disease;
Cancer; n (%)
‘Without metastasis.
With metastasis
Severe COVID-19
Previous treatment
Angiotensin Converting Enzyme Inh
Angiotensin Receptor Blocker; 1 (%)
Anticoagulants; n (%)
Antiplatelets; n (%)
Systemic glucocorticoids; 1 (%)

Immunosuppressants; 1 (%)

n(%)

s 1 (%)

Study population
(n=340)

64.5(16.6)

207 (60.9)

270(79.4)
63 (18.5)
103)
6(1.8)
137 (40.3)
131(38.5)

41(12.2)
11(2)
54(15.9)
14(4.1)

32(94)

5(15)
1(0.3)

114(33.5)

48 (14.1)
66 (19.4)
31(9.1)
48 (14.1)
927)

11(3.2)

No
(n=214)

remia

63.5(18.3)

116 (54.2)

164 (76.6)
47 (22)
1035)
2(09)

81(37.9)

74 (34.6)

22(10.3)
7(33)
34(15.9)
12(5.6)

24(24(11.2)]

4(19)
1(05)
35(16.4)

20(935)
47 (22)
18(8.4)
26(12.2)
5(23)

8(37)

Viremia

(i

126)
66(13.2)

91(72.2)

106 (84.1)
16(127)
0
162
56 (44.4)
57(45.2)

19.(15.1)
4.2
20(159)
2(1.6)
8(6.4)

1(0.8)
0
79(62.7)

28(222)
19.015.1)
13(104)
22(17.5)
462)
3024

p value

019

0001

007

023
005

043
007
014
054

<0.0001

0001
012
054

017
0.64






OPS/images/fmed-10-1215246-t002.jpg
OR (95%Cl) p valut

Age and sex (reference female <45 years)

Female 45-70years 21,99 (5.17-93.55) <0.0001
Female >70years 8.69 (1.94-38.99) 0.005
Male <45 years 6.06(1.22-30.17) 003
Male 45-70years 2100 (5.62-78.54) <0.0001
Male >70years 11,02 (269-45.22) 0.001
Severe COVID-19 1113 (5.27-23.50) <0.0001
Angiotensin Converting Enzyme 240 (099-5.82) 0052
Inhibitors
Angiotensin II Receptor blocker 0.41(0.16-1.10) 0.08

CD69 1511052877 (reference A/A)

AIG 0.48 (0.24-0.96) 004

GIG 029 (0.11-0.74) 001
HMOX 152071746 (reference A/A)

AIT 1.85(0.86-3.99) 011

T 9.86 (3.42-28.42) <0.0001
SERPING rs78958998 (reference C/C)

ar 2.32(1.02-5.28) 004

T 1290 (391-42.63) <0.0001
TMPRSS2 15713400 (reference C/C)
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GIG 050 (0.13-1.99) 033
VIPRI 15896 (reference C/C)

ar 0.80 (0.40-1.60) 052

T 035 (0.15-0.83) 002

CI, Confidence Interval; OR, Odds Ratio.
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