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Background: The world has been suffering from the Coronavirus Disease-2019 (COVID-19) pandemic since the end of 2019. The COVID-19-infected patients differ in the severity of the infection and the treatment response. Several studies have been conducted to explore the factors that affect the severity of COVID-19 infection. One of these factors is the polymorphism of the angiotensin converting enzyme 2 (ACE-2) and the type 2 transmembrane serine protease (TMPRSS2) genes since these two proteins have a role in the entry of the virus into the cell. Also, the ACE-1 regulates the ACE-2 expression, so it is speculated to influence the COVID-19 severity.
Objective: This study investigates the relationship between the ACE-1, ACE-2, and TMPRSS2 genes single nucleotide polymorphism (SNPs) and the COVID-19 disease severity, treatment response, need for hospitalization, and ICU admission in Egyptian patients.
Patients and Methods: The current study is an observational prospective, cohort study, in which 109 total COVID-19 patients and 20 healthy volunteers were enrolled. Of those 109 patients, 51 patients were infected with the non-severe disease and were treated in an outpatient setting, and 58 suffered from severe disease and required hospitalization and were admitted to the ICU. All 109 COVID-19 patients received the treatment according to the Egyptian treatment protocol.
Results: Genotypes and allele frequencies among severe and non-severe patients were determined for ACE-1 rs4343, TMPRSS2 rs12329760, and ACE-2 rs908004. The GG genotype and the wild allele of the ACE-2 rs908004 and the mutant allele of the ACE-1 rs4343 were significantly more predominant in severe patients. In contrast, no significant association existed between the TMPRSS2 rs12329760 genotypes or alleles and the disease severity.
Conclusion: The results of this study show that the ACE-1 and ACE-2 SNPs can be used as severity predictors for COVID-19 infection since also they have an effect on length of hospitalization.
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1 INTRODUCTION
Since the end of 2019, Egypt and the entire world have been suffering from the Coronavirus Disease 2019 (COVID-19) pandemic, which is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). According to the World Health Organization (WHO), since the emergence of this new pandemic, there have been more than 767 million confirmed cases of COVID-19 patients; around 516 thousand of these cases are in Egypt (https://covid19.who.int/, accessed on 31 May 2023). The COVID-19 is a highly contagious infection that is transmitted mainly through respiratory droplets or direct contact, with the possibility of fecal–oral transmission (Jin et al., 2020). The incubation period of the infection ranges from 2 to 14 days with the symptoms appearing within an average of 4–7 days (Öztürk et al., 2020). The symptoms can vary from mild symptoms (low-grade fever, dry cough, fatigue, and myalgia) to severe and critical symptoms (respiratory distress and pneumonia) (Wang et al., 2020), which require hospitalization and sometimes admission to the Intensive Care Unit (ICU) and can lead to death. Several factors affect the severity of the symptoms experienced by COVID-19 patients. Studies concluded that gender (males), advanced age (over 65), ethnicity (African American race) and presence of co-morbid conditions like hypertension, dyslipidemia, cancer and others are associated with more severe symptoms (Adhikari et al., 2020; Wang et al., 2021).
One of the mechanisms of cell entry of the SARS-CoV-2 is that its spike protein (S) binds to the angiotensin-converting enzyme (ACE) 2 receptor, which is a transmembrane present in many epithelial cells in the body including the airway and the alveoli (Kamel et al., 2021; Gusev et al., 2022; Jackson et al., 2022; Rouaud and Méan, 2022). When the virus binds to the ACE-2 receptor, the type 2 transmembrane serine protease (TMPRSS2) enzyme activates the viral spike by cleaving it when it is attached to the ACE-2 receptor, making the fusion with the cell possible and promoting the virus to release its Ribonucleic acid (RNA) into the cell cytoplasm (Kamel et al., 2021; Gusev et al., 2022; Jackson et al., 2022). As the ACE-2 plays a vital role in the COVID-19 infection, the whole tissue-based renin-angiotensin system (RAS) is affected. The ACE-1 controls the formation of ACE-2, and the ACE-2 converts angiotensin 2 to angiotensin 1. During SARS-CoV-2 infection, the plasma ACE-1 activity is increased while ACE2 expression is decreased, which in turn causes the levels of angiotensin 2 to become unopposed (Zheng and Cao, 2020; Aladag et al., 2021; Yamamoto et al., 2021). This imbalance disrupts the hemostasis of the of body and may contribute to exacerbating the COVID-19 infection indirectly through inflammation and thrombosis (Aladag et al., 2021; Yamamoto et al., 2021), or causing a direct acute lung injury through different mechanisms like inducing the apoptosis of endothelial cells and of alveolar epithelial cells (Rarani et al., 2022) while boosting pro-inflammatory mediators like IL-6 and IL-8 (Suzuki et al., 2003). Along with its role in the viral cell entry, the TMPRSS2 activity also influences the Interferon-induced transmembrane protein 3 (IFITM3), which has an important role in the control of SARS-CoV-2 infection given its role in other viral diseases along with its interaction with the S protein (Shi et al., 2021; Dobrijevic et al., 2022). Given the involvement of the ACE-1, ACE-2 and TMPRSS2 in the COVID-19 infection, several studies have shown that there might be a strong correlation between the variability and genetic polymorphism of the ACE-1, ACE-2 and the TMPRSS2 genes and the risk and severity of the COVID-19 infection (Asselta et al., 2020; Hou et al., 2020; Jahanafrooz et al., 2022; Li et al., 2022).
The aim of the current study is to investigate if the variation in three different Single Nucleotide Polymorphisms (SNPs), one for the ACE-1 gene, one for the ACE-2 gene and another for the TMPRSS2 gene have any effect in the COVID-19 disease severity, treatment response and need for hospitalization and admission to the ICU in Egyptian patients.
2 MATERIALS AND METHODS
2.1 Study design and population
This is an observational, prospective cohort study which was conducted between December 2020 and June 2022. The total enrolled study subjects were 129 Egyptians, among which 58 were severe cases from Cairo University Hospitals, Cairo, Egypt, 51 non-severe cases who were treated in an outpatient setting and 20 healthy controls. Eligible patients for each group were those with established COVID-19 infection according to the WHO COVID-19 guidelines (Coronavirus Disease, 2019 COVID-19 Treatment Guidelines, 2021). Patients with severe disease were defined as Individuals who have SpO2 <94% on room air at sea level, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiO2) <300 mmHg, a respiratory rate >30 breaths/min, or lung infiltrates >50%. The study also included patients who had positive nasal swap for COVID-19 infection and their ages were between 18 and 80 years old. Patients with any prior respiratory problems such Asthma and chronic obstructive pulmonary disease (COPD) were excluded. The study was registered in ClinicalTrials.gov; Identifier: NCT05157217. The study protocol was approved by the Research Ethics Committee at the Faculty of medicine, Cairo University, Cairo, Egypt, and all participating patients provided written informed consent (REC number N-134-2020).
Patients who met the eligibility criteria were then divided into two groups; group 1 (Patients with Severe COVID-19 Disease): COVID-19 patients who suffered from serious respiratory complications that needed ICU admission and group 2 (Patients with non-severe COVID-19 Disease): COVID-19 carriers who were infected with SARS-CoV-2 and healed without suffering from any respiratory complications or the need for hospitalization. Patients were subjected to full laboratory including complete blood count (CBC), liver function and kidney function tests as well as inflammatory markers. Clinical and medical information were abstracted from the patient’s files and included age, sex, body weight, cigarette smoking status, medical history, and medications. All the patients received treatment according to the Egyptian COVID-19 treatment protocol (Table 1) established by the Egyptian Ministry of Health (Masoud et al., 2020). Whole blood samples (3 mL) were collected for DNA extraction and genotyping. The blood samples were stored at −80°C.
TABLE 1 | Egyptian COVID-19 treatment guidelines.
[image: Table 1]2.2 Genotyping procedure
DNA was extracted from peripheral blood leukocytes using the QIAamp DNA blood kits, cat no: 51,104 (Qiagen, Hilden, Germany). The procedure of extraction was by silica-membrane-based technology. Three genes’ variants were determined using TaqMan probe-based polymerase chain reaction (PCR). The Angiotensin-converting enzyme gene (ACE) rs4343 (A2350G), Paired Ig-like receptors (PIR) gene G15494752T rs908004, and Transmembrane serine protease 2 Polymorphisms (TMPRSS2) gene rs12329760 C478G genotype variants were determined using Applied Biosystems™ TaqMan™ SNP Genotyping Assays “ACE rs4343 A/G, assay ID: C_11942562, PIR rs908004 G/T assay ID: C_8816953, and TMPRSS2 rs12329760 C/G, assay ID: C_25622353, purchased from (ThermoFisher Scientific, Germany). The PCR TaqMan Genotyping Master Mix kit, cat no: 4371353 (ThermoFisher, Germany). The appropriate volume from PCR reaction mix was prepared with a total volume of 10 µL/well. The reaction mix of each sample is composed of 5 µL of 2X TaqMan Genotyping Master Mix, 0.5 µL of TaqMan assay (20X), and 4.5 µL RNase free water. The thermal cycling protocol is optimized as follows” 950°C for 10 min for AmpliTaq Gold, UP Enzyme Activation, followed by denaturation step at 950°C for 15 s and annealing/extension at 600°C for 1 min for 40 cycles. The qPCR was performed on Applied BioSystems PCR instrument (ThermoFisher Scientific, Germany).
2.3 Data analysis
Continuous variables were represented as mean ± standard deviation. Categorical variables were presented as numbers and percentages. Hardy–Weinberg Equilibrium was tested using Chi-square test with one degree of freedom. Chi-square was used to compare the allele and genotype frequencies as appropriate. The association of genotypes with changes in endpoints was tested separately for each SNP. The three SNPs were tested in a dominant model. One-way ANOVA was used to analyze genotype group differences. We included covariates with a p-value <0.2 in a stepwise linear regression model. The binary logistic regression was used to investigate the association between the tested genotypes regarding outcomes of interest.
All reported p values were two-tailed, and a p-value of less than 0.05 was considered significant. Significant SNPs were determined according to the corrected Bonferroni p-value (p = 0.05/3 tested SNPs = 0.017, the Bonferroni-corrected significance threshold). All statistical analyses were carried out using Statistical Package for the Social Sciences (SPSS) software (version 22.0 for Windows; SPSS Inc., Chicago, Illinois, United States).
3 RESULTS
The current study was conducted on 129 Egyptians who were sub-classed into three main groups: the COVID-19 severe patients (n = 58), the COVID-19 non-severe patients (n = 51) and healthy control (n = 20). The baseline characteristics for each group are presented in Table 2. There was no significant difference between the baseline characteristics of the severe, non-severe and healthy control groups except for the room air SO2, respiratory rate, C-reactive protein (CRP), procalcitonin and interleukin-6 (IL-6) levels. Genotyping was carried out in 3 SNPs for each patient in each group. The distribution of ACE-1 (rs4343), TMPRSS2 (rs12329760) and ACE-2 (rs908004) SNP genotypes among severe, non-severe COVID-19 patients and healthy control was analyzed. When comparing the distribution of the three SNPs’ genotypes among severe and non-severe patients, the ACE-2 rs908004 G/G genotype was found to be significantly more prevalent in severe patients (n = 21) than non-severe patients (n = 7), unlike the G/T genotype which was significantly more prevalent in non-severe patients (n = 39) than severe patients (n = 29). The ACE-1 rs4343 and TMPRSS2 rs12329760 genotypes, however, have shown no significant difference between severe and non-severe COVID-19 patients. These results are shown in Table 3. There was no significant difference between COVID-19 infected patients and healthy control regarding the three SNPs’ genotypes distribution, as presented in Table 4. When comparing the three beforementioned SNPs’ allele distribution among the two groups; the mutant allele of the ACE-1 rs4343 SNP and the wild allele of the ACE-2 rs908004 SNP were found to significantly more predominant in the severe COVID-19 patients than the non-severe COVID-19 patients, as shown in Table 5. The risk factors of ACE-2 rs908004 for COVID-19 severity calculated by linear logistic regression is shown in Table 6. In the severe group, the total and intensive care unit (ICU) length of stay (LOS) was compared to find if there is any association between the LOS and different genotypes of each SNP. The ICU LOS has shown no significant difference between the different genotypes of each SNP. When comparing the ACE-1 rs4343 SNP genotypes with the total LOS of severe COVID-19 patients, patients with the A/A genotype have significantly higher total LOS than the other two genotypes. Also, when comparing the ACE-2 rs908004 SNP genotypes with the total LOS in severe COVID-19, patients with the T/T genotype have significantly higher total LOS than the other two genotypes. The TMPRSS2 rs12329760 SNP genotypes seem to have no impact on the total LOS, since there is no significant difference in the total LOS between the three different genotypes. These results are shown in Table 7. There was no significant association between any of the SNPs and the patient’s mortality. A Kaplan-Meier survival function curve was plotted to further support these results and is illustrated in Figure 1. The combined genotypic effect of the ACE-1 rs4343 and ACE-2 rs908004 was compared with the different comorbidities that patients of both groups suffered from, and a linear-by-linear association was established and shown in Table 8. The combined genotypic effect was found to have a significant association with patients suffering from hypothyroidism. The other comorbidities show no significant association with the combined effect of the two SNPs.
TABLE 2 | Baseline characteristics comparison between severe COVID-19 patients, non-severe COVID-19 patients, and healthy volunteers.
[image: Table 2]TABLE 3 | Distribution of ACE-1 (rs4343), TMPRSS2 (rs12329760) and ACE-2 (rs908004) SNPs Genotypes among severe and non-severe COVID-19 patients. Statistical analysis done was chi-square test.
[image: Table 3]TABLE 4 | Distribution of ACE-1 (rs4343), TMPRSS2 (rs12329760) and ACE-2 (rs908004) SNPs Genotypes among COVID-19 positive patients and healthy controls. The statistical analysis done was chi-square test.
[image: Table 4]TABLE 5 | Distribution of ACE-1 (rs4343), TMPRSS2 (rs12329760) and ACE-2 (rs908004) Alleles among severe and non-severe COVID-19 patients.
[image: Table 5]TABLE 6 | Risk factors for COVID-19 severity by binary logistic regression.
[image: Table 6]TABLE 7 | Comparison between total and ICU length of stay among the different genotypes in severe COVID-19 patients.
[image: Table 7][image: Figure 1]FIGURE 1 | Kaplan-Meier survival versus the total length of stay in each of the three SNPs and their genotypes. (A) is for the ACE-1 rs4343genotypes, (B) is for the TMPRSS2 rs12329760 genotypes, (C) is for the ACE-2 rs908004 genotypes. Data is presented on the curve as median ± standard error. Significance levels at p < 0.05. The ACE-1 rs4343GG genotype was more significantly associated with longer hospitalization than the other genotypes. The ACE-2 rs908004TT genotype was more significantly associated with longer hospitalization than the other genotypes. Total_LOS, total length of stay presented as days; Cum Survival, cumulative survival presented as %.*Significance level at p-value <0.05.
TABLE 8 | Association between ACE-1 and ACE-2 SNP combination and comorbidities.
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To this day, factors that affect COVID-19 clinical severity are still unraveled. Many studies attempted to investigate the relation between different gene polymorphisms and COVID-19 severity. The present prospective cohort study aims to assess the association between the ACE-1 rs4343, ACE-2 rs908004 and TMPRSS2 rs12329760 genes and the COVID-19 clinical severity in Egyptian patients. To our best knowledge, this is the first study to try to establish a relationship between these specific SNPs in these genes, the clinical severity of COVID-19 along with the total length of hospitalization and treatment response, especially in Egyptian patients. A total of109 patients were enrolled in the study, 58 patients suffered from severe COVID-19 disease and were admitted to the ICU, while 51 patients suffered from non-severe disease and were treated in an outpatient setting.
We found that there was a significant difference in the ACE-2 rs908004 genotypes and allele frequencies between the severe and the non-severe patients, where the GG genotype and the wild G-allele was more dominant in severe patients. We also found a significant association between the ACE-2 rs908004 polymorphism and the total length of hospitalization among clinically severe COVID-19 patients (Patients with GG genotype had significantly more total length of hospital stay than other genotypes). Several studies have reached a similar conclusion. In a study on German population, Möhlendick et al. (2021) found that the GG genotype or G-allele of ACE-2 rs2285666 was associated with patients that developed severe COVID-19 disease than the rest of the SARS-CoV-2 positive patient. In a recent Russian study, Shikov et al. (2020) found that several rare ACE-2 variants (for example, rs146598386, rs755766792 and others) influenced the clinical severity and outcome of COVID-19 disease. These results are also in agreement with Cafiero et al. (2021), which found that the ACE-2 rs2074192 SNP had a significant impact on disease severity. However, their results show that the T-allele was more dominant in symptomatic patients than asymptomatic patients, this difference from our results may be due to the difference in the measured SNP. In contrast to our findings, Karakaş Çelik et al. (2021) carried out a study on 155 COVID-19 patients in Turkey which showed that there is no correlation between the COVID-19 clinical severity and the ACE-2 rs2106809 and rs2285666 polymorphisms. Also, Gómez et al. (2020)’s results were not in agreement with our results, where they found that in 204 COVID-19 patients in Spain that there was no link between the ACE-2 rs2285666 SNP and the COVID-19 disease severity. These differences between our results and these two studies can be contributed to the difference in the studied SNP, ethnicity, or sample size.
The current findings revealed that there was no significant difference in neither the genotypes nor alleles of the TMPRSS2 rs12329760 between the severe and non-severe patients. This agreed with the findings German case-control study done by Schönfelder et al. (2021) on 239 COVID-19 positive patients. Their study results showed no correlation between neither TMPRSS2 rs2070788 nor rs12329760 polymorphism and the clinical severity of COVID-19. Also, Wulandari et al. (2021) found no association between the TMPRSS2 rs12329760 polymorphism and COVID-19 severity. In contrast to our findings, Monticelli et al. (2021) found a relation between TMPRSS2 rs12329760 polymorphism and COVID-19 severity and thus can help identifying individuals at risk of developing clinically severe COVID-19 disease in Italian patients. Also, in a study on Indian population, Ravikanth et al. (2021) found a significant link between TMPRSS2 rs12329760 variant and decreased COVID-19 disease severity.
Regarding the ACE-1 rs4343 assessed in the present study, there was no significant association between the SNP’s genotypes and COVID-19 disease severity. However, the mutant A-allele of rs4343 gene was significantly more dominant in non-severe COVID-19 patients than severe COVID-19 patients. We also found a significant association between the ACE-1 rs4343 polymorphism and the total length of hospitalization among clinically severe COVID-19 patients (Patients with TT genotype had significantly more total length of hospital stay than other genotypes). To our knowledge, all other studies conducted to test an association between ACE-1 gene and COVID-19 severity was on the ACE-1 insertion/deletion (I/D) polymorphism, however this is the first study attempting to investigate the association between an ACE-1 SNP and the COVID-19 severity. Two studies conducted by Möhlendick et al. (2021) and Karakaş Çelik et al. (2021) found no association between ACE I/D and COVID-19 disease severity. Another two studies by Cafiero et al. (2021) and Gunal et al. (2021) found that the ACE I/I allele was significantly more prevalent in asymptomatic COVID-19 patients, while the D/D allele was significantly more prevalent in symptomatic COVID-19 patients. Gómez et al. (2020) also found that depending on the hypertension status of COVID-19 patients, ACE I/D polymorphism can be associated with the risk of developing severe COVID-19 disease.
Other studies tried to find other predictive biomarkers for COVID-19 Severity. Ciaglia et al. (2021) found that long-lived individuals who are less susceptible to COVID-19 infection had higher levels of BPIFB4 protein circulating their blood than old healthy people and was even lower in COVID-19 infected patients. Sabbatino et al. (2021) suggests that the Programmed death-1 (PD-1) and its ligand programmed deathl-igand1 (PD-L1) has a potential prognostic role in COVID-19 and can be studied as target for future treatment.
In conclusion, our study demonstrated that the ACE-2 rs908004 genotype and allele as well as ACE-1 rs4343 allele can be a predictive factor for COVID-19 severity and treatment response in Egyptian patients. In contrast, ACE-1 rs4343 genotype and both TMPRSS2 rs12329760 genotypes and alleles were not associated to neither the COVID-19 severity nor treatment response in Egyptian patients. It could be concluded that the ACE-1 and ACE-2 variants were associated with an increased length of hospitalization in severe patients and thus require more aggressive approach and closer monitoring during treatment. We also found that there was no significant difference in the three SNPs’ genotypes between the COVID-19 infected patients and the healthy control.
Among the limitations of this study was the limited sample size and the study being single centered. Moreover, ACE-2 serum levels would have given us a better insight on predicting the severity and outcome of COVID-19. Unfortunately, no blood sample was left to perform this test. Further studies involving larger sample size and more diverse populations should be conducted to provide better understanding of the relationship between the ACE-1, ACE-2 and TMPRSS2 polymorphism and COVID-19 disease severity.
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