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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the current coronavirus disease 2019 (COVID-19) pandemic, affecting more than 219 countries and causing the death of more than 5 million people worldwide. The genetic background represents a factor that predisposes the way the host responds to SARS-CoV-2 infection. In this sense, genetic variants of ACE and ACE2 could explain the observed interindividual variability to COVID-19 outcomes. In order to improve the understanding of how genetic variants of ACE and ACE2 are involved in the severity of COVID-19, we included a total of 481 individuals who showed clinical manifestations of COVID-19 and were diagnosed by reverse transcription PCR (RT-PCR). Genomic DNA was extracted from peripheral blood and saliva samples. ACE insertion/deletion polymorphism was evaluated by the high-resolution melting method; ACE single-nucleotide polymorphism (SNP) (rs4344) and ACE2 SNPs (rs2285666 and rs2074192) were genotyped using TaqMan probes. We assessed the association of ACE and ACE2 polymorphisms with disease severity using logistic regression analysis adjusted by age, sex, hypertension, type 2 diabetes, and obesity. The severity of the illness in our study population was divided as 31% mild, 26% severe, and 43% critical illness; additionally, 18% of individuals died, of whom 54% were male. Our results showed in the codominant model a contribution of ACE2 gene rs2285666 T/T genotype to critical outcome [odds ratio (OR) = 1.83; 95%CI = 1.01–3.29; p = 0.04] and to require oxygen supplementation (OR = 1.76; 95%CI = 1.01–3.04; p = 0.04), in addition to a strong association of the T allele of this variant to develop critical illness in male individuals (OR = 1.81; 95%CI = 1.10–2.98; p = 0.02). We suggest that the T allele of rs2285666 represents a risk factor for severe and critical outcomes of COVID-19, especially for men, regardless of age, hypertension, obesity, and type 2 diabetes.




Keywords: COVID-19, SARS-CoV-2, ACE2, ACE, genetic variants, polymorphism



Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic has affected around 336 million individuals, causing the death of nearly 5,560,718 severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected subjects around the world (1). Current evidence shows that COVID-19 patients experience clinical manifestations ranging from asymptomatic to severe pneumonia with multiple organ failure (2–4). The severity of COVID-19 and its clinical manifestations and outcomes are related to the internalization mechanism of the virus into the host cell, host genetics variants, advanced age, gender, and comorbidities (5). In this sense, the homeostasis of the renin–angiotensin system is another risk factor underlying the pathogenesis of COVID-19 because angiotensin-converting enzyme 2 (ACE2) is the predominant receptor by which the SARS-CoV-2 virus enters and infects cells (6, 7). An altered ACE/ACE2 expression ratio could contribute to severe outcomes in COVID-19 patients (8), as it does for cardiovascular diseases (9).

Recent studies have suggested the association of genetic polymorphisms of ACE and ACE2 with the case rate of COVID-19. However, the clinical implication of ACE genetic variants in the severity and prognosis of COVID-19 remains unclear. The insertion/deletion (I/D) polymorphisms play a pivotal role in cardiovascular and respiratory diseases; for instance, the D/D genotype has been associated with SARS progression (10, 11). Moreover, it has been associated with poor clinical outcomes of acute respiratory distress syndrome (ARDS), where individuals with the D/D genotype had significantly higher mortality than those who carry the I/I genotype (12). In addition, different reports have proposed that ACE2 polymorphisms rs2285666 (G870A) could modulate the susceptibility to SARS-CoV-2 infection by contributing to higher expression of ACE2 receptor (13, 14).

Furthermore, several reports have shown that ACE2 gene polymorphism is related to acute lung injury, making COVID-19 patients significantly prone to develop ARDS (12, 14, 15). To improve the understanding of how genetic variations and biological mechanisms are involved in COVID-19 severity, we consider that the association of case fatality rate and genetic variants of ACE/ACE polymorphism could represent a strategy to identify possible SNPs as susceptibility and prognostic markers in the Mexican population.



Material and Methods


Setting and Participants

From June 2020 to March 2021, we performed a multicenter cross-sectional study in which the following institutions were included: the Instituto Nacional de Rehabilitación Luis Guillermo Ibarra-Ibarra, Instituto Nacional de Cardiología Ignacio Chávez, Hospital Central Militar, Hospital Central Norte Pemex, and Hospital General Dr. Manuel Gea González. A non-probability sampling method was conducted, as the participants were patients at the COVID-19 triage facilities.

All subjects were evaluated with the following comprehensive clinical procedures: from each patient, oxygen saturation levels and ferritin, D-dimer, lactate dehydrogenase, and C-reactive protein (CRP) were recorded. Ferritin and D-dimer levels were measured in plasma with automatic analyzers (DxI 800 Beckman Coulter, COBAS pro e-801, COBAS integra 400 plus, and ACL TOP 550 CTS Werfem, COBAS integra 400 plus, respectively), while lactate dehydrogenase and C-reactive protein (CRP) were measured in serum using Olympus AU 800, COBAS pro c-503, COBAS integra 400 plus, and DxC 700 AU Beckman Coulter.



Ethical Statement

This study was conducted following the good clinical practice and the Declaration of Helsinki. Informed consent was obtained from each participant before entering the study. The study was approved by the ethics committee of the Instituto Nacional de Rehabilitación LGII (INR-LGII: 17/20). The inclusion criteria were age ≥18 years and a positive test for SARS-CoV-2 infection by RT-PCR. The exclusion criteria were incomplete clinical history and related individuals.



Outcomes

According to the criteria of Gandhi et al. (16), we defined each COVID-19 patient group as mild, severe, and critical. Mild group included those ambulatory subjects with oxygen saturation level ≥94%, and with symptoms such as fever, headache, fatigue, odynophagia, cough, rhinorrhea, diarrhea, anosmia, or dysgeusia, with or without dyspnea or pneumonia, and not requiring hospitalization. Severe status was defined as those hospitalized individuals with saturation levels <94%, and any of the following symptoms: tachypnea (FR > 30 bpm), pulmonary infiltrate >50%, and dyspnea for small efforts. Finally, the critical group were those patients requiring invasive mechanical ventilation who could course with shock and multiorgan failure. In addition, we stratified patients by their requirement of oxygen therapy in two groups: those who did not need any type of oxygen therapy and those who had oxygen requirement by nasal tips, mask, or intubation.



Genotyping

Genomic DNA was obtained from peripheral blood and saliva using a commercial kit (QIAamp DNA blood Mini kit, Qiagen, Germany), and its quality was verified in agarose gels stained with SYBR® Green I nucleic acid gel stain (Invitrogen, CA, USA). Then, the DNA concentration was measured and adjusted to 20 ng/µl with a NanoDrop spectrophotometer (Thermo Fisher Scientific, CA, USA).

A systematic review of ACE and ACE2 gene SNPs was performed, from which we selected the SNPs with a minor allele frequency (MAF) ≥20% according to 1000 Genomes Project or Hapmap Project in the Mexican population (MXL) with previous reports showing significant association with other diseases.

The I/D polymorphism was genotyped by real-time polymerase chain reaction, coupled to a high-resolution melting curve (HRM) analysis allowing the identification of the dissociation temperature for the deletion and insertion amplicon. The DNA was denatured at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 25 s, annealing at 67°C for 60 s, and extension at 72°C for 75 s, melt ramp from 77°C to 95°C. This protocol was implemented in the RotorGen Q thermal cycler (Qiagen, Germany). The genotype for this variant was assigned by HRM analysis and confirmed by the melting curve. Additionally, the rs4344 of ACE and rs2285666 and rs2074192 of ACE2 were analyzed. These SNPs were determined with TaqMan genotyping assays on a StepOne Real-Time PCR equipment (Thermo Fisher Scientific, CA, USA).



Statistical Analysis

The normality of the distribution of the variables was evaluated. Kruskal–Wallis was used for comparing non-parametric continuous variables between studied groups, and the results were described using the median and the interquartile range (IQR). For the categorical variables, the chi-squared test was performed. For all tests, a value of p <0.05 was considered statistically significant. Hardy–Weinberg expectations (HWEs) were assessed for all polymorphisms in the mild group, and the linkage disequilibrium (LD) between variants of the same gene using HaploView software V4.2 (17). A logistic regression analysis was used to evaluate the association between genetic variants and COVID-19 outcomes in the three main inheritance models, i.e., codominant, dominant, and recessive, adjusted by age, sex, hypertension, type 2 diabetes, and obesity. The final models were evaluated using the Hosmer–Lemeshow goodness-of-fit test. The association between SNPs and clinical features was assessed by comparing their distribution among alleles and genotypes by Kruskal–Wallis test and stratified by disease outcome. The analysis was performed using the STATA v.13 statistical package (StataCorp, TX, USA).




Results


Patients

From June 2020 to March 2021, 489 individuals with COVID-19 were selected. Nonetheless, eight patients did not have complete clinical data. Therefore, a total of 481 patients were included in this study. We classified the study population as 31% (149) mild, 26% (125) severe, and 43% (207) critical, of which 86 subjects died. The median age was 51 (IQR = 43–63), and a total of 60% (290) were male subjects. In the overall population, the common symptoms were cough, headache, myalgia, and dyspnea. Most individuals had at least one coexisting illness such as hypertension and type 2 diabetes. We observed significant differences in the majority of the subjects’ clinical characteristics depending on the group they belong to (Table 1). However, no significant differences were observed for abdominal pain (p > 0.05).


Table 1 | Clinics characteristics of population of study.





Association Between ACE and ACE2 Polymorphisms With COVID-19 Outcomes

Allelic and genotype frequencies were calculated (Table 2). For ACE gene, I/D alleles in the total sample were 61% for I and 39% for D allele; in addition, for rs4344 polymorphism, the MAF was 39% (A allele). Only 42% of patients with mild illness carried the II genotype, while 33% of severe patients and 39% of critical patients showed this genotype. These frequencies were also observed for the rs4344 variant and were not significantly different between study groups.


Table 2 | Allelic and genotypes frequencies of the population of study.



When we compared the genotypes frequencies of the evaluated SNPs between mild, severe, and critical groups, we found significant differences in rs2285666 polymorphism and marginally difference in rs2074192 polymorphism both of ACE2 gene (p = 0.009, p = 0.05, respectively). When comparing mild illness and the requirement for oxygen therapy (severe or critical illness), we found significant differences in rs2285666 and rs2074192 ACE2 variants genotypic frequencies (p = 0.002 and p = 0.01, respectively). Among those patients that needed oxygen therapy, 36% carried the T/T genotype of the rs2285666 gene variants in comparison to 23% of the patients who did not need it, while for the variant of the rs2074192, the T/T genotype showed a 35% in comparison to 28% of the patients who did not require it. For the alleles frequencies, the MAF of rs2285666 variant was 41% (T allele), while the MAF of rs2071192 was 42% (T allele). We did not detect any significant difference in the allelic frequencies of both polymorphisms between outcomes.

The genotypes of ACE I/D and rs4344 variants were in Hardy–Weinberg equilibrium. However, the genotypes of ACE2 were not in equilibrium. We observed a strong LD between both ACE gene variants, showing a D′ of 0.97. Regarding the ACE2 gene variants, the LD was slightly lower, having a D′ of 0.88.



Multiple Logistic Regression Analysis

In the logistic regression analysis, we did not find a statistically significant association of ACE variants with COVID-19 outcomes. Notwithstanding, for the C/T genotype of the rs2285666 polymorphism, we found an OR = 0.52 (95%CI = 0.29–0.94), and for T/T genotype, an OR = 1.66 (95%CI = 1.01–2.73) in the codominant model with critical outcome (Supplementary Material). After adjusting by age, hypertension, sex, type 2 diabetes, and obesity, we found a significant positive association between the T/T genotype in the codominant model of rs2285666 polymorphism and critical outcome (OR = 1.83; 95%CI = 1.01–3.29), and for oxygen requirement (OR = 1.76; 95%CI = 1.01–3.04). Moreover, for this same ACE2 genetic variant but under a recessive model, we observed an OR = 1.89 (95%CI = 1.06–3.35) for critical outcome and an OR = 1.80 (95%CI = 1.06–3.05) for oxygen requirement. This positive association with critical outcome and oxygen requirement found with the T/T genotype of ACE2 rs2285666 polymorphism was also observed with the T allele (OR = 1.58, 95%CI = 1.09–2.30; and OR = 1.52, 95%CI = 1.08–2.14). Finally, the T allele of this ACE2 variant was marginally associated with a higher risk of severe outcome (OR = 1.45; 95%CI = 0.99–2.13) (Table 3).


Table 3 | Association of ACE and ACE2 polymorphism with the outcome of COVID-19.



Given that ACE2 gene polymorphisms are in the X chromosome, an allele analysis stratified by sex was performed. We observed that the positive association found with the rs2285666 T allele and severe illness was maintained and even had a higher magnitude and significance among men than the one observed in the whole study population (OR = 1.72; 95%CI = 1.02–2.89; p =0.03). The same happened with the association seen between ACE2 rs228566 T allele and critical illness, and with oxygen requirement, which for men showed an OR = 1.81 (95%CI = 1.10–2.98) and OR = 1.77 (95%CI, 1.12–2.83), respectively (Table 4).


Table 4 | Association of ACE2 alleles with COVID-19 outcome in men.



We further evaluated the potential to identify patients who needed oxygen therapy using the predicted values of the multivariate logistic regression model of the associated polymorphism of ACE2 by receiver operating characteristic (ROC) curve analysis. We observed that with this model, we can categorize patients that required oxygen therapy from those who did not (Figure 1).




Figure 1 | ROC curve for the association model of rs2285666 ACE2 polymorphism with oxygen requirement.





Association of ACE and ACE2 Genes Polymorphisms With COVID-19 Clinical Biomarkers and Oxygen Saturation Levels

We performed a refined approach to determine the behavior of the main COVID-19 clinical biomarkers and oxygen saturation level in our study population. In this sense, we could observe a significant reduction in oxygen saturation with increasing disease severity. Furthermore, statistically significant differences were observed among outcomes for COVID-19 biomarkers (p < 0.001) (Supplementary Table S2). D-Dimer and ferritin plasma concentrations showed significantly higher values in critical COVID-19 subjects (679.5 ng/ml for D-dimer and 619 ng/ml for ferritin) than in mild disease patients. We also evaluated lactate dehydrogenase and CRP in serum. A clear tendency for increased levels of these biomarkers was observed among outcomes.

We evaluated the distribution of clinical features and biomarkers among the four genotypes polymorphisms and COVID-19 outcomes; nevertheless, we only found significant differences with the ACE2 rs2285666 polymorphism. In the mild group, we found a higher amount of D-dimer in T allele carriers (p50 = 323 ng/ml, IQR = 217–501 ng/ml) in comparison to C allele carriers, and for C/T genotype (p50 = 360 ng/ml, IQR = 214.5–501 ng/ml) and T/T genotype (p50 = 285, IQR = 217,430 ng/ml) carriers in comparison to C/C patients. Regarding ferritin levels, differences among genotypes were also observed among mild, severe, and critical patients. In this context, the lowest level of ferritin was observed in the carriers of the heterozygote genotype. Moreover, CPR was significantly increased in T allele carriers of the mild group (p50 = 4.95 mg/ml, IQR = 2–13.4 mg/ml), and in the critical patients with the T/T genotype (p50 = 26.55 mg/ml, IQR = 16.61–113.19 mg/ml). In the severe group, we only found significant differences in lactate dehydrogenase levels among ACE2 rs2285666 genotypes, showing the highest level those patients carrying the T/T genotype (p50 = 322.8 U/L, IQR = 213.3–439 U/L) (Supplementary Table S3).




Discussion

A total of 481 individuals with COVID-19 were included in this study, 22% of them were in a severe stage and 86 subjects died with a median age of 64.5 years. These findings agree with those reported by Zhang et al., since he observed that patients older than 60 years were more prone to develop complications with fatal outcomes (18). Additionally, COVID-19 has been reported to be more severe in male individuals (19), which is in agreement with our results. The 67% of individuals who developed a critical outcome were male, and 28 (67%) of the total deaths were attributable to them. This difference in gender susceptibility has been reported in previous studies performed in Italy (20), Spain, China, Germany, the UK, and South Korea (21).

A recent meta-analysis showed that fever, cough, fatigue, and dyspnea were the most prevalent symptoms of COVID-19 (22). On the other hand, in the present work, the majority of symptoms were significantly different among the outcomes (p < 0.001); cough and dyspnea were the highlights in critical disease conditions. A previous report from the WHO–China Joint Mission on COVID-19 showed that 87.9% of confirmed COVID-19 cases presented fever, while in our study, only 32% had fever. Interestingly, 33% of mild patients in our study presented fever, while 41% of those who developed a critical illness had fever. Cough is another common symptom with a previously reported prevalence of 67.7% (4). In our study, we observed a 67% of frequency; however, in critical cases, it was major than previously reported (76%).

Frequent comorbidities observed in individuals with COVID-19 include hypertension, type 2 diabetes, and cardiovascular disease, being serious risk factors in severely ill individuals compared with non-severely ill patients (23). In our study, critically ill adults with COVID-19 presented type 2 diabetes (28%), obesity (27%), and hypertension (23%). These findings are consistent with the published data by Wu et al. (24) and Grasselli et al. (25).

Some risk factors have been described for COVID-19 outcomes; however, understanding the role of host genetic variants for risk or protective effect could provide some insights into COVID-19 outcomes. Differences in the severity of COVID-19 due to sex have already been reported where men are the most vulnerable to severe or fatal COVID-19 outcomes (26, 27). Possible explanations include exposure to environmental factors such as smoking, diet, and physical activity, and genetic factors associated with the mechanisms of infection by SARS-CoV-2 including the genes of the ACE/ACE2 pathways.

Although there are several studies stating the association of different polymorphisms of ACE and ACE2 with hypertension and other cardiovascular diseases, there is no consistent evidence describing the role of rs2285666 and rs2074192 of ACE2 gene or of I/D and rs4344 polymorphisms of ACE gene in COVID-19 outcomes.

Regarding ACE I/D polymorphisms, the frequencies observed in our study were similar to those reported in the Mexican Mestizo population by Vargas-Alarcón et al. They indicated that the I/D polymorphism distinguishes the Amerindian population from other populations, suggesting that the I/D polymorphism could be a distinctive genetic susceptibility marker for some diseases in Amerindian population (28). Sarangarajan et al. reported the prevalence of I/D in different populations including South Americans with I/D prevalence similar to our findings; it is important to state that I/D genotypes prevalence were different among geographical locations (29). This evidence points out the consistency of our results regarding ACE I/D variant frequencies.

Some studies of ACE gene in the Mexican population have reported the I/D polymorphism as a genetic marker of susceptibility for cardiovascular disease, diabetes, and hypertension diseases (28, 30). This evidence suggests that the I/D polymorphism of ACE could impact COVID-19 outcomes (31, 32). A recent study by Gómez et al. associated the D/D genotype of ACE only with hypertensive individuals who presented a severe COVID-19 outcome (12). Conversely, our results showed no significant association of this variant with COVID-19 outcomes, but we found a significant association with hypertension that could be an indirect effect of COVID-19 complications (see Supplementary Material). In agreement with our results, Karakas et al. reported that I/D was not associated with the severity of COVID-19 infection in Turkey populations (33). Nevertheless, it is important to point out that the D/D genotype of ACE gene has a role on the renin–angiotensin system, by increasing ACE levels and angiotensin-inactivating AT-1 receptor, and downstream pathophysiological effects. Therefore, future studies should not be discarded. In the same way, rs4344 polymorphism has been associated with hypertension (34) and angiotensin-converting enzyme inhibitors-related cough (15). Here, we observed the same results; nonetheless, no association with critical COVID-19 outcomes was identified.

The ACE2 rs2285666 variant falls in the third intron of the gene, affecting gene expression by an alternative splicing mechanism (7). Asselta and colleagues reported that substitution of C for T increased the strength of the splice site in 9.2%, having as result a higher expression of the ACE2 protein (35). Gemmati and Tisato reported that the ACE2 gene is a “first genetic gateway” involved in infection, severity, and COVID-19 (26); however, differences among populations and geographic regions could exist, as reported by Shikov et al. (36). Moreover, ACE2 has been associated with hypertension, heart failure, and diabetes. Falahi and Kenarkoohi have already suggested that more studies focused on the role of ACE2 gene in the pathogenesis and outcomes of COVID-19 are needed due to the existing controversies whether ACE2 genotypes might explain the differences in the infection severity (37). Our results showed that the T allele of rs2285666 is a risk factor of severe and critical outcomes in COVID-19, especially in men. Choudhary et al. described the possible physiological roles of ACE2 in COVID-19, suggesting that the study of ACE2 variants will help understand the pathophysiology of this disease (14). Moreover, Benetti et al. reported in a cohort of COVID-19 patients that genetic variants of ACE2 have an impact on its protein function, which reinforces the hypothesis that at least some variants identified, or the cumulative effect of them, might confer different susceptibility to infection and progression of COVID-19 (38). Our results indicate an association between the T/T genotype of ACE2 rs2285666 (G8790A) and an increased risk for severe–critical outcomes (oxygen requirement) in individuals with COVID-19. Srivastava and colleagues stated that genetic variations of ACE2 affect the susceptibility to COVID-19 and found a lower infection rate in the carriers of the T allele in Indian populations. However, it is important to mention that there are many factors involved in the SARS-CoV2 infection, and ACE2 might not be the only gene involved (39). For the rs2074192 ACE2 polymorphism, Shikov et al. (36) reported similar frequencies between controls, mild, and severe outcome of COVID-19 with the ones presented here. However, a recent study by Cafiero et al. (40) reported in 104 subjects of Italy that even though genotypes frequencies were similar to our results (frequencies CC>TT>CT), they suggested that rs2074192 could predict the clinical outcome of COVID-19. We did not find a significant association between this ACE2 variant and disease outcome; nevertheless, this could be explained by the difference in sample sizes and the difference in the genetic background among both populations.

Regarding risk differences by sex, Gemmati et al. reported that an unbalance of ACE/ACE2 might show marked differences in the outcomes of COVID-19 in both sexes, given that this unbalance could induce a higher inflammatory mediators/receptors expression; hence, men might show a worse clinical scenario than women, as women could activate a mosaic advantage due to their X-heterozygosity (27). After all, many genes associated with the regulation of the immune system are located in the X chromosome. In that sense, ACE2 gene locus is Xp22.2, and it has been reported that the rs2285666 T/T genotype of ACE2 decreased the gene expression level by up to 50% compared with the C/C genotype in Italian and other European populations (27, 38). Supporting this notion, we found that men had a higher risk of severe and critical COVID-19 disease than women carrying the T allele of this ACE2 polymorphism.

Among the clinical features evaluated in the present study that have been used as biomarkers for COVID-19, we could observe that ACE2 genetic variant had an impact on D-dimer, ferritin, lactate dehydrogenase, and CRP levels. Even though the direct effect of ACE2 on these biomarkers levels is not quite clear, the difference showed in these COVID-19-associated biomarkers supports the notion that ACE2 rs228566 polymorphism could be consider as a genetic susceptibility marker for COVID-19 outcome.

Another factor important to mention is that there are no previous studies of ACE2 genetic variants in the Mexican population with COVID-19, although the frequency difference of these variants among different populations could affect the association of ACE2 with COVID-19 illness. However, not only the genetic background might explain the differences in the outcomes of COVID-19, but also environmental risk factors such as smoking, drinking habits, and personal hygiene could be implicated.

The strengths of this study include a representative and multicentric hospital-based from Mexico City sample, obtaining clinical information, and the diagnosis of COVID-19 by RT-PCR test and blood sample for DNA extraction. Additionally, the patient outcomes were classified by Gandhi criteria. This adequate classification allowed us to stratify patients and to identify the association of genetic variants with the outcomes of individuals with COVID-19. However, the limitations of this study include that we could not have lifestyle information such as smoking habits, which has been reported to increase the severity of COVID-19 outcomes in men. Another limitation worth mentioning is that we could not evaluate other genes involved in ACE and ACE2 pathways that could be contributing to the increased risk for severe COVID-19 outcome seen for the T allele of ACE2 rs228566 polymorphism.

In conclusion, our results show that the T allele of rs2285666 is associated with more severe outcomes of COVID-19, particularly in men, regardless of their age or the presence of hypertension and type 2 diabetes. This genetic variant could be useful as a prediction and susceptibility marker in the prognosis of COVID-19, which will also help to personalize the COVID-19 treatment.
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