

  genes-14-01721




genes-14-01721







Genes 2023, 14(9), 1721; doi:10.3390/genes14091721




Article



Gene Polymorphisms of Epithelial Cell-Derived Alarmins and Their Effects on Protein Levels and Disease Severity in Patients with COVID-19



Maral Ranjbar 1, Ruth P. Cusack 1, Christiane E. Whetstone 1, Shiraz Nawaz 1, Christopher Khoury 1, Jennifer Wattie 1, Lesley Wiltshire 1, Jennifer Le Roux 2, Eric Cheng 3, Thivya Srinathan 3, Terence Ho 1,3,4, Roma Sehmi 1,3,4, MyLinh Duong 1,3,4,5 and Gail M. Gauvreau 1,*





1



Department of Medicine, Division of Respirology, McMaster University, Hamilton, ON L8N 3Z5, Canada






2



Hamilton Health Sciences, Hamilton, ON L8N 3Z5, Canada






3



St. Joseph’s Healthcare Hamilton, Hamilton, ON L8N 4A6, Canada;






4



The Research Institute of St. Joe’s Hamilton, Firestone Institute for Respiratory Health, St. Joseph’s Healthcare Hamilton, Hamilton, ON L8N 4A6, Canada






5



Population Health Research Institute, McMaster University, Hamilton, ON L8N 3Z5, Canada









*



Correspondence: gauvreau@mcmaster.ca; Tel.: +1-905-525-9140 (ext. 22791)







Citation: Ranjbar, M.; Cusack, R.P.; Whetstone, C.E.; Nawaz, S.; Khoury, C.; Wattie, J.; Wiltshire, L.; Le Roux, J.; Cheng, E.; Srinathan, T.; et al. Gene Polymorphisms of Epithelial Cell-Derived Alarmins and Their Effects on Protein Levels and Disease Severity in Patients with COVID-19. Genes 2023, 14, 1721. https://doi.org/10.3390/genes14091721



Academic Editor: Malgorzata Wasniewska



Received: 31 July 2023 / Revised: 22 August 2023 / Accepted: 25 August 2023 / Published: 29 August 2023



Abstract

:

Background: The immune response in COVID-19 is characterized by the release of alarmin cytokines, which play crucial roles in immune activation and inflammation. The interplay between these cytokines and genetic variations may influence disease severity and outcomes, while sex differences might further contribute to variations in the immune response. Methods: We measured the levels of alarmin cytokines in a cohort of COVID-19 and non-COVID-19 patients using a sensitive Meso Scale Discovery system. Additionally, we conducted an SNP analysis to identify genetic variations within the IL-33 and TSLP genes. The association between these genetic variations, cytokine production, and COVID-19 severity was examined. Results: Our findings revealed elevated levels of IL-33 and IL-25 in COVID-19-positive patients compared to COVID-19-negative patients (p < 0.05), indicating their potential as therapeutic targets for disease modulation. Moreover, a minor allele within the IL-33 gene (rs3939286) was found to be associated with a protective effect against severe COVID-19 (p < 0.05), and minor alleles of the TSLP gene (rs2289276 and rs13806933) were found to significantly reduce TSLP protein levels in serum (p < 0.05). Sex-specific effects of TSLP and IL-33 SNPs were observed, suggesting a potential influence of sex hormones and genetic variations on the regulation of cytokine production. Conclusion: The present study highlights the importance of alarmin cytokines and genetic variations in COVID-19 severity, providing valuable insights into personalized treatment approaches. Our results suggest that targeting alarmin cytokines may offer potential therapeutic benefits in managing COVID-19. Furthermore, the sex-specific effects of genetic variations emphasize the need to consider individual genetic profiles and sex differences when designing targeted interventions.
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1. Introduction


COVID-19 (coronavirus disease 2019) is a respiratory disease caused by the SARS-CoV-2 virus and has a wide range of symptoms and complications. Extensive research has revealed the complex interplay of immune cell alterations, cytokine dysregulation, and genetic predisposition that play a pivotal role in the disease’s pathology [1]. Clinical features vary from asymptomatic cases to severe forms of illness leading to respiratory failure, and this variability is influenced by underlying medical comorbidities as well as genetic factors [2].



The dysregulation of cytokines is a crucial factor in the progression and severity of COVID-19. When the virus invades host cells, immune cells of the innate immune system including neutrophils, macrophages, eosinophils, and dendritic cells (DCs) migrate to the infected site and release proinflammatory cytokines such as interferons (INF), TNF (tumor necrosis factor), IL-6, IL-1, and chemokines CCL2, CCL3, and CCL4, which consequently leads to the recruitment of adaptive immune cells T cells to the inflamed area [3]. This coordinated immune response plays a key role in the pathogenesis of the disease.



An exaggerated and aberrant immune response triggers the excessive production of numerous inflammatory cytokines, creating a positive feedback loop. This cascade leads to the recruitment of additional immune cells and subsequent further cytokine production, resulting in widespread inflammation and potential organ damage [4]. This phenomenon, known as a cytokine storm, is particularly observed in more severe cases of the disease [5].



Among the different cytokines produced in response to the viral infection, epithelium derived cytokines also known as alarmin cytokines including IL-33, TSLP (thymic stromal lymphopoietin), and IL-25, are among the first proteins released from the damaged host epithelial cells and play regulatory roles in both innate and adaptive immune responses. Alarmin cytokines initiate a series of events, triggering the migration of mast cells, DCs, and T cells to the inflamed regions of the lungs, where they work together to combat the virus. Detecting these cytokines in human samples has been challenging due to their low levels, making them difficult to detect with standard commercial assays. Advanced and sensitive detection methods are needed to accurately measure these cytokines and gain a better understanding of their role in immune responses and diseases like COVID-19 [6,7].



Clinical manifestations of COVID-19 exhibit considerable variability among individuals, which can be attributed to various factors, including genetics. Genetic variations can play a role in determining the extent and nature of the immune response mounted by each patient, thereby contributing to the diversity observed in COVID-19 severity and outcomes [8]. Single nucleotide polymorphisms (SNPs) are common variations in the genome where a single nucleotide base differs between individuals. While many SNPs are harmless, those occurring within exons, introns, or promoter regions of genes can lead to alterations in gene expression or protein structure, having significant effects on protein production and function, impacting cellular processes, and changing disease risk and severity [9].



Previous studies have found that variations in the gene of the alarmin cytokine TSLP are associated with the risk of asthma [10,11,12,13]. Building upon this research, our study aims to investigate the impact of polymorphisms in the gene for TSLP and other alarmins on protein production and the severity of COVID-19 in affected patients, and to determine if alteration in the production of alarmins can serve as potential biomarkers for this viral respiratory infection.




2. Materials and Methods


2.1. Study Participants and Recruitment


The study was conducted following the approval of the Hamilton Integrated Research Ethics Committee. Between February and October 2021, COVID-19 patients as confirmed positive by real-time reverse-transcription-PCR (RT-PCR) were recruited upon hospital admission. Additionally, age- and sex-matched COVID-19-negative patients who were hospitalized but did not exhibit respiratory infections or respiratory tract-related diseases were included in the study as a control group.




2.2. Demographics and Clinical Characteristics


Demographic information, clinical characteristics, and outcomes of the patients were extracted from the electronic patient records. We adopted a categorization method previously described by the food and drug administration [14] to develop a COVID-19 scale for classification of patients into three distinct groups; mild, moderate, and severe. The mild group consisted of patients who were not hospitalized or hospitalized without the need for oxygen therapy; the moderate group included patients that required non-invasive oxygen therapy, and the severe group included patients who experienced adverse outcomes and required both non-invasive and invasive ventilation.




2.3. Blood Sampling


In COVID-19-positive patients, blood samples were obtained within 10 days of testing positive. Blood was collected into EDTA-containing vacutainers.



Serum was evaluated for TSLP, IL-33, and IL-25 cytokine levels using an ultra-sensitive human cytokine multi-plex electrochemiluminescence-based immunoassay (Meso Scale Discovery, Rockville, MD, USA). The assay was performed using the MESO QuickPlex SQ 120 MM instrument (MSD, Gaithersburg, MD, USA) following the manufacturer’s protocol. The protein levels were quantified in picograms per milliliter of blood (pg/mL).



Genomic DNA isolation was performed using the Qiagen DNAeasy extraction kit, following the manufacturer’s protocol for whole blood samples. DNA purity and concentration were measured using a Nanodrop spectrophotometer and diluted to a concentration of 10 ng/μL for optimal genotyping results. For genotyping analysis of single nucleotide polymorphisms (SNPs) in the TSLP gene (rs2289267, rs1837253, and rs3860933) and IL-33 gene (rs3939286 and rs1342326), the TaqMan® SNP genotyping assay kit (Applied Biosystems; Foster City, CA, USA) was utilized. The assay was carried out in a 25 μL reaction volume, containing 12.50 μL of TaqMan genotyping master mix from Thermo Fisher Scientific, Waltham, MA, USA, 1.25 μL TaqMan genotyping assay mix (20×), and 11.25 μL DNA template. The thermal cycling conditions included an initial enzyme activation step at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The genotyping data were tested for Hardy–Weinberg equilibrium using Pearson’s chi-square test.




2.4. Statistical Analysis


The data are presented as mean ± standard deviation (SD). A significance level (α) of 0.05 was used for statistical analysis. Data analysis was conducted using IBM SPSS Advanced Statistics (IBM Corp., Version 24.0, Armonk, NY, USA) and GraphPad Prism software version 9.0 (GraphPad Software, San Diego, CA, USA). Independent t-tests and analysis of variance (ANOVA) and their non-parametric equivalents for data not normally distributed were performed to assess differences between groups. To investigate associations between individual polymorphisms and COVID-19 severity, multinomial regression analysis was employed, and odds ratios (OR) along with their 95% confidence intervals (CI) are reported.





3. Results


3.1. Patient Characteristics


In total, 84 COVID-19-positive and 65 COVID-19-negative age- and sex-matched patients were recruited (Table 1). Of the 84 COVID-19-positive patients, 54 (77.1%) received steroid treatment during their hospitalization, whereas only 5 (9.6%) COVID-19-negative patients were treated with steroids. The COVID-19-negative group had a higher frequency of smokers and a higher prevalence of comorbidities hypertension, dyslipidemia, and osteoarthritis (p < 0.05). Among patients, the proportion of non-smokers was significantly greater in the COVID-19-positive group in comparison to the COVID-19-negative group (p < 0.05).




3.2. Alarmin Cytokine Levels


The concentration of alarmin cytokines IL-33, TSLP, and IL-25 were compared in COVID-19-positive and -negative patients, and the association of alarmin cytokine levels with disease severity and age-related variations was evaluated (Figure 1). Significantly higher levels of total IL-33 and IL-25 were measured in the serum of COVID-19-positive patients compared to COVID-19-negative individuals (Figure 1a). TSLP levels were not significantly different, though numerically higher in the COVID-19-positive group (p = 0.635).



Alarmin cytokine levels compared across different severities of COVID-19-positive patients, categorized based on their oxygen requirements and ventilation routes, showed no significant difference (Figure 1b). Across the different severities, 8 out of 19 (42.1%), 39 out of 43 (90.7%), and 7 out of 8 (87.5%) patients were receiving steroid treatment in the mild, moderate, and severe categories, respectively. To explore the impact of age, we conducted a comparative analysis of alarmin protein levels between individuals above and below the mean age of 60 years. IL-25 levels were significantly lower in patients older than 60 years (p < 0.05), indicating an age-related variation in this cytokine (Figure 1c).




3.3. Genetic Variation of TSLP and IL-33 Genes and Effect on Disease Severity


A TaqMan SNP genotyping assay was employed to determine the frequency of SNP genotypes for TSLP (rs2289276, rs1837253, and rs3806933) and IL-33 (rs3939286 and rs1342326). The frequency of homozygous major, heterozygous, and homozygous minor genotypes for these SNPs was not different when comparing the COVID-19-positive to COVID-19-negative patients (Table 2). Among the genotypes, the homozygous major genotype exhibited the highest prevalence among patients, while the homozygous minor genotype showed the lowest prevalence, confirming that the distribution of SNP genotypes is similar between COVID-19-positive and COVID-19-negative individuals, with the homozygous major genotype being the most common and homozygous genotype being the least common among the studied patients.



We conducted a multinomial regression analysis to explore potential relationships between TSLP and IL-33 SNPs and COVID-19 severity (Table 2). Among the TSLP SNPs, we did not find any significant associations with COVID-19 severity; however, for IL-33, the homozygous minor genotype of rs3939286 demonstrated a significant association with the severe form of the disease (p = 0.033) with an odds ratio of 0.109 (95% confidence interval 0.14–0.839) indicating an inverse association. These results suggest that individuals carrying the minor genotype of rs3939286 have a protective effect against severe COVID-19 outcomes. In practical terms, this indicates that the presence of the minor genotype of rs3939286 may offer some level of protection to COVID-19-positive patients, reducing the likelihood of developing severe forms of the disease. The protective effect of the minor allele (T) of rs3939286 was consistently seen in all carriers (CT + TT), showing a strong association with reduced severity of COVID-19 (p = 0.045, OR = 0.131, CI = 0.018–0.951).




3.4. The Effect of TSLP and IL-33 SNPs on Protein Levels


Regression analysis of TSLP and IL-33 SNPs revealed significant relationships between certain genetic variants and the production of TSLP and IL-33 proteins (Figure 2a). Carriers of the minor allele (CT + TT) for TSLP SNPs rs2289276 and rs3806933 showed lower serum levels of TSLP protein compared to non-carriers (p = 0.0263 and p = 0.0183, respectively) demonstrating the mutant genotype leads to reduced protein levels. Further analysis based on gender showed sex-specific effects. Compared to non-carriers, males with the rs2289276 mutant allele and females with the rs3806933 mutant allele had significantly lower TSLP levels (p = 0.0004 and p = 0.035, respectively). Among the IL-33 SNPs, male carriers of the rs1342326 minor allele displayed significantly lower IL-33 levels compared to non-carriers (p = 0.0443), while no such difference was seen in females (p = 0.4212). Following the initial analysis, we conducted further tests to investigate whether the protective effects of these genotypes would be evident across different severities of the disease; however, we did not observe any significant relationship. One plausible reason for this lack of significance could be attributed to lower sample numbers within each severity category. These findings indicate that certain genetic variants in TSLP and IL-33 may influence protein production differently in males and females, suggesting potential sex-specific effects on disease outcomes.





4. Discussion


In this study, we observed a higher prevalence of non-smokers among COVID-19-positive patients in contrast to COVID-19-negative patients. Similar findings have been documented in other observational studies [15]. Although cigarette smoke has been found to disturb the innate and adaptive immunological balance [16], it is worth noting that research has demonstrated contrasting effects of nicotine. Specifically, nicotine has been linked to an increased expression of ACE2 receptors, along with the suppression of inflammatory reactions in COVID-19 cases, resulting in a dampened cytokine storm response [17]. However, it is important to acknowledge the presence of discrepancies in these findings, as certain studies have indicated an association between smoking and heightened COVID-19 severity and mortality rates [18].



We also observed significantly elevated levels of IL-33 and IL-25 proteins in COVID-19 patients compared to non-COVID individuals. These alarmin cytokines, released from damaged epithelial cells, play a crucial role in signaling danger to the immune system during viral infections. Interestingly, immune cells at inflamed sites also contributed to the production of these cytokines, suggesting a broader involvement beyond the epithelium [4]. The sensitive Meso Scale Discovery system was essential for accurately detecting these cytokines due to their low concentrations in blood. The crucial significance of alarmin cytokines in respiratory diseases has been established. These cytokines play a substantial role in shaping the immune response and regulating inflammation within the airways. Emitted in reaction to various environmental stimuli, they serve as vital early warning signals, prompting the activation of both innate and adaptive immune responses [19,20,21]. Therefore, our current study focuses on the pivotal role of alarmin cytokines as central drivers of immune processes, particularly in the context of respiratory infections.



Maintaining a delicate balance of cytokine responses is vital for an effective immune defense against pathogens. Overproduction of alarmin cytokines may lead to dysregulated immune responses and exacerbate the pathophysiological consequences of the infection. Studies have indicated that blocking IL-25 can enhance antiviral immune activity [22]. Additionally, IL-33 has been linked to lung injury, pulmonary viral infections, and chronic lung diseases, indicating a potential association between elevated IL-33 levels and the severity of respiratory manifestations observed in COVID-19 patients [23,24]. While TSLP showed a numerical increase in COVID-19 patients, statistical significance was not achieved in our study due to the low sample size. Nevertheless, previous research has reported a correlation between TSLP levels and the duration of hospitalization in COVID-19 patients, suggesting a possible role of TSLP in disease progression [7].



IL-33, TSLP, and IL-25 have been implicated as potential predictors of severe COVID-19 outcomes, associated with severe lung inflammation, making them promising candidates for disease severity control [25,26]. However, our study did not find significant variations in alarmin cytokine levels across different disease severities. This lack of significant differences could be attributed to the widespread use of steroid treatment among a considerable number of patients during our recruitment phase. Steroids have well-known immunomodulatory effects, potentially influencing cytokine production and the immune response [27]. When we examined blood drawn within 7 days of testing positive for COVID-19, we found higher IL-25 levels compared to blood collected after 7 days (39.14 ± 36.44 vs. 26.15 ± 20.31); however, we did not find any significant differences in IL-33 and TSLP levels between the two different blood draw groups (p > 0.05). These findings suggest a potential effect of a longer steroid treatment period on IL-25 levels, indicating steroid treatment can modulate cytokine responses in COVID-19 patients.



The downstream pathways of IL-33 and TSLP have been shown to facilitate the recruitment of various immune cells and induce inflammation [28]. In light of this, we sought to investigate whether genetic polymorphisms could potentially modulate this immune response and influence disease outcomes. Focusing on the single nucleotide polymorphisms (SNPs) of IL-33, we discovered a significant inverse association between IL-33 SNP rs3939286 and COVID-19 severity, which meant that carriers of the minor genotype were found to be protected from developing more severe forms of COVID-19. While the role of IL-33 SNPs in viral infections, particularly COVID-19, remains largely unexplored, previous studies have indicated a protective effect of this SNP in other diseases, such as rheumatoid arthritis and cardiovascular conditions [29,30]. It is plausible to suggest that rs3939286 may play a role in regulating IL-33 production and, subsequently, lowering the risk of developing severe disease in these conditions.



The prevalence of SNPs in the general population can vary depending on the specific SNP being considered and the demographic characteristics of the population studied. Different databases with large sample sizes such as α and TOPMED provide valuable resources regarding the prevalence of different SNPs in diverse populations. Data from these sources indicate that the prevalence of TSLP SNPs, namely rs2289276, rs3806933, and rs1837253, in the general population is approximately 29%, 42%, and 26%, respectively. Furthermore, for IL-33 SNPs, the prevalence of rs1342326 and rs3939286 stands at 21% and 31%, respectively. These prevalence figures underscore the dynamic nature of genetic diversity across different genomic loci and populations [31].



Following our investigation into the effects of IL-33 SNPs on disease severity, we proceeded to explore the potential association of IL-33 and TSLP SNPs with protein production. Our analysis revealed that individuals carrying mutant alleles (CT + TT) of TSLP SNPs rs2289276 and rs3806033 exhibited significantly lower levels of serum TSLP. However, this reduced level was not observed in the case of rs1837253. This decrease in TSLP levels among minor genotypes could potentially influence disease severity and may offer protection against more severe outcomes. Nevertheless, our analysis did not establish a direct correlation, which could be attributed to the smaller sample size within each severity group.



The plausible explanation for the lower TSLP levels in these specific SNPs lies in their location on the TSLP gene’s promoter region. This region determines the fate of transcription and subsequent protein production. It is reasonable to speculate that the position of these SNPs on the promoter might play a regulatory role in TSLP protein production [32,33]. Additionally, there is evidence of two distinct isoforms of TSLP: the long isoform, which is inflammatory and easily detected, and the short isoform, with a homeostatic function that remains undetectable on a protein level by commercially available detection kits [34]. Therefore, the effect of the identified TSLP SNPs on the production of each isoform remains an unexplored area in our study.



After stratifying our analysis based on sex, we found that the effects of the identified TSLP and IL-33 SNPs on protein production were sex specific. Specifically, in males, carriers of the rs2289276 mutant allele had significantly lower TSLP levels compared to non-carriers. Similarly, in females, carriers of the rs3806933 mutant allele exhibited lower TSLP levels compared to non-carriers. However, we did not observe significant differences in TSLP levels for the rs1837253 SNP in either sex. Additionally, among the IL-33 SNPs, we found a significant association between the rs1342326 minor allele and lower IL-33 levels in males, while no such association was observed in females. These sex-specific findings indicate that the genetic influence on alarmin cytokine production is different between males and females. The sex-specific pattern of these SNPs has been previously reported in other diseases [10,12,35]. The underlying reasons for these sex-related disparities are not yet fully understood and require further investigation. Sex hormones and genetic variations on sex chromosomes are among the potential factors that may contribute to these sex-specific effects because estrogen and testosterone play a key role in modulating gene expression. These hormones can interact with specific gene promoters and enhancers, influencing the activity of certain genes and affecting the production of proteins, including cytokines [36].



This study provides novel insights into the role of alarmin cytokines, specifically IL-33, IL-25, and TSLP, in COVID-19. By utilizing a sensitive and advanced Meso Scale Discovery system, we were able to detect and quantify these cytokines accurately, despite their low levels in blood, offering valuable data for understanding the immune response in COVID-19 patients. We explored the potential associations between genetic polymorphisms in IL-33 and TSLP and COVID-19 outcomes. The identification of a significant inverse association between IL-33 SNP rs3939286 and COVID-19 severity suggests a potential genetic influence on disease outcomes, supporting the emerging evidence that human genetics may play a pivotal role in governing the clinical manifestations of SARS-CoV-2 infection which may have implications for risk stratification and personalized treatment approaches.



The limitations in this study include the relatively small sample size, which may have impacted the statistical power and ability to detect significant differences in some analyses. A larger cohort with diverse demographic characteristics could provide more robust and generalizable findings. While we observed associations between SNPs and cytokine levels, the study lacks functional data to elucidate the mechanisms driving these genetic influences. Further functional studies are needed to understand the underlying biology and pathways affected by these genetic variations. Future investigations could focus on developing targeted therapies that specifically regulate alarmin cytokine levels to mitigate the inflammatory response in severe cases. The sex-specific effects observed in this study underscore the importance of considering gender differences in disease pathogenesis and treatment. Integrating genetic information and sex-specific analyses could pave the way for personalized medicine approaches, tailoring treatments based on individual genetic profiles and sex-related factors.



Overall, our findings suggest that alarmin cytokines (IL-33, TSLP, and IL-25) could serve as potential therapeutic targets to modulate disease severity in COVID-19, and genetic variations influencing protein production can also protect against developing severe COVID-19.







Author Contributions


Conceptualization, R.S., M.D., T.H. and G.M.G.; Methodology, M.R., R.P.C., C.E.W., S.N., C.K., J.W., L.W., J.L.R., E.C., T.S., T.H., R.S., M.D. and G.M.G.; Formal Analysis, M.R.; Investigation, R.P.C., T.H., R.S., M.D. and G.M.G.; Resources, G.M.G.; Data Collection, M.R., R.P.C., C.E.W., S.N., C.K., J.W., L.W., J.L.R., E.C., T.S., T.H. and M.D.; Writing—Original Draft Preparation, M.R. and G.M.G.; Writing—Review and Editing, M.R., R.P.C., R.S., M.D. and G.M.G.; Supervision, G.M.G.; Funding Acquisition, G.M.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by AstraZeneca Canada grant number ESR20-20723, and Mitacs grant number IT22844.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Hamilton Integrated Research Ethics Board (project 11033, approved 12 August 2020).




Informed Consent Statement


Informed consent was obtained from all patients involved in the study.




Data Availability Statement


Data supporting reported results can be accessed by contacting the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus (COVID-19). In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023. [Google Scholar]

	



Zhu, D.; Zhao, R.; Yuan, H.; Xie, Y.; Jiang, Y.; Xu, K.; Zhang, T.; Chen, X.; Suo, C. Host Genetic Factors, Comorbidities and the Risk of Severe COVID-19. J. Epidemiol. Glob. Health 2023, 13, 279–291. [Google Scholar] [CrossRef]

	



Vardhana, S.A.; Wolchok, J.D. The many faces of the anti-COVID immune response. J. Exp. Med. 2020, 217, e20200678. [Google Scholar] [CrossRef]

	



Costela-Ruiz, V.J.; Illescas-Montes, R.; Puerta-Puerta, J.M.; Ruiz, C.; Melguizo-Rodríguez, L. SARS-CoV-2 infection: The role of cytokines in COVID-19 disease. Cytokine Growth Factor. Rev. 2020, 54, 62–75. [Google Scholar] [CrossRef]

	



Coperchini, F.; Chiovato, L.; Croce, L.; Magri, F.; Rotondi, M. The cytokine storm in COVID-19: An overview of the involvement of the chemokine/chemokine-receptor system. Cytokine Growth Factor. Rev. 2020, 53, 25–32. [Google Scholar] [CrossRef]

	



Furci, F.; Murdaca, G.; Allegra, A.; Gammeri, L.; Senna, G.; Gangemi, S. IL-33 and the Cytokine Storm in COVID-19: From a Potential Immunological Relationship towards Precision Medicine. Int. J. Mol. Sci. 2022, 23, 14532. [Google Scholar] [CrossRef] [PubMed]

	



Gerla, L.; Moitra, S.; Pink, D.; Govindasamy, N.; Duchesne, M.; Reklow, E.; Hillaby, A.; May, A.; Lewis, J.D.; Melenka, L.; et al. SARS-CoV-2-Induced TSLP Is Associated with Duration of Hospital Stay in COVID-19 Patients. Viruses 2023, 15, 556. [Google Scholar] [CrossRef]

	



Pereira, N.L.; Ahmad, F.; Byku, M.; Cummins, N.W.; Morris, A.A.; Owens, A.; Tuteja, S.; Cresci, S. COVID-19: Understanding Inter-Individual Variability and Implications for Precision Medicine. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Netherlands, 2021; Volume 96, pp. 446–463. [Google Scholar] [CrossRef]

	



Shastry, B.S. SNPs: Impact on gene function and phenotype. Methods Mol. Biol. 2009, 578, 3–22. [Google Scholar] [CrossRef]

	



Hunninghake, G.M.; Soto-Quirós, M.E.; Avila, L.; Kim, H.P.; Lasky-Su, J.; Rafaels, N.; Ruczinski, I.; Beaty, T.H.; Mathias, R.A.; Barnes, K.C.; et al. TSLP polymorphisms are associated with asthma in a sex-specific fashion. Allergy 2010, 65, 1566–1575. [Google Scholar] [CrossRef]

	



Liu, W.; Dong, L. Two single nucleotide polymorphisms in TSLP gene promoter region are associated with asthma susceptibility in Chinese Han population. Eur. Respir. J. 2012, 40, P470. [Google Scholar]

	



Maral, R.; Mojdeh, M.; Mohammad-Ali, A.; Morteza, F.; Fatemeh, S.; Saeed, S.-J.; Leila, J. Association between Two Single Nucleotide Polymorphisms of Thymic Stromal Lymphopoietin (TSLP) Gene and Asthma in Iranian Population. Iran. J. Allergy Asthma Immunol. 2020, 19, 362–372. [Google Scholar] [CrossRef]

	



Moorehead, A.; Hanna, R.; Heroux, D.; Neighbour, H.; Sandford, A.; Gauvreau, G.M.; Sommer, D.D.; Denburg, J.A.; Akhabir, L. A thymic stromal lymphopoietin polymorphism may provide protection from asthma by altering gene expression. Clin. Exp. Allergy 2020, 50, 471–478. [Google Scholar] [CrossRef] [PubMed]

	



Garry, E.M.; Weckstein, A.R.; Quinto, K.; Bradley, M.C.; Lasky, T.; Chakravarty, A.; Leonard, S.; Vititoe, S.E.; Easthausen, I.J.; Rassen, J.A.; et al. Categorization of COVID-19 severity to determine mortality risk. Pharmacoepidemiol. Drug Saf. 2022, 31, 721–728. [Google Scholar] [CrossRef]

	



Paleiron, N.; Mayet, A.; Marbac, V.; Perisse, A.; Barazzutti, H.; Brocq, F.X.; Janvier, F.; Dautzenberg, B.; Bylicki, O. Impact of Tobacco Smoking on the Risk of COVID-19: A Large Scale Retrospective Cohort Study. Nicotine Tob. Res. 2021, 23, 1398–1404. [Google Scholar] [CrossRef] [PubMed]

	



Kõks, G.; Uudelepp, M.L.; Limbach, M.; Peterson, P.; Reimann, E.; Kõks, S. Smoking-induced expression of the GPR15 gene indicates its potential role in chronic inflammatory pathologies. Am. J. Pathol. 2015, 185, 2898–2906. [Google Scholar] [CrossRef] [PubMed]

	



Birrell, M.A.; Wong, S.; Catley, M.C.; Belvisi, M.G. Impact of tobacco-smoke on key signaling pathways in the innate immune response in lung macrophages. J. Cell Physiol. 2008, 214, 27–37. [Google Scholar] [CrossRef]

	



Reddy, R.K.; Charles, W.N.; Sklavounos, A.; Dutt, A.; Seed, P.T.; Khajuria, A. The effect of smoking on COVID-19 severity: A systematic review and meta-analysis. J. Med. Virol. 2021, 93, 1045–1056. [Google Scholar] [CrossRef]

	



Besnard, A.G.; Togbe, D.; Guillou, N.; Erard, F.; Quesniaux, V.; Ryffel, B. IL-33-activated dendritic cells are critical for allergic airway inflammation. Eur. J. Immunol. 2011, 41, 1675–1686. [Google Scholar] [CrossRef]

	



Liu, Y.-J. Thymic stromal lymphopoietin: Master switch for allergic inflammation. J. Exp. Med. 2006, 203, 269–273. [Google Scholar] [CrossRef] [PubMed]

	



Xu, M.; Dong, C. IL-25 in allergic inflammation. Immunol. Rev. 2017, 278, 185–191. [Google Scholar] [CrossRef]

	



Williams, T.C.; Loo, S.-L.; Nichol, K.S.; Reid, A.T.; Veerati, P.C.; Esneau, C.; Wark, P.A.B.; Grainge, C.L.; Knight, D.A.; Vincent, T.; et al. IL-25 blockade augments antiviral immunity during respiratory virus infection. Commun. Biol. 2022, 5, 415. [Google Scholar] [CrossRef]

	



Di Salvo, E.; Ventura-Spagnolo, E.; Casciaro, M.; Navarra, M.; Gangemi, S. IL-33/IL-31 Axis: A Potential Inflammatory Pathway. Mediat. Inflamm. 2018, 2018, 3858032. [Google Scholar] [CrossRef]

	



Gong, J.; Dong, H.; Xia, Q.S.; Huang, Z.Y.; Wang, D.K.; Zhao, Y.; Liu, W.H.; Tu, S.H.; Zhang, M.M.; Wang, Q.; et al. Correlation analysis between disease severity and inflammation-related parameters in patients with COVID-19: A retrospective study. BMC Infect. Dis. 2020, 20, 963. [Google Scholar] [CrossRef]

	



Desvaux, E.; Hamon, A.; Hubert, S.; Boudjeniba, C.; Chassagnol, B.; Swindle, J.; Aussy, A.; Laigle, L.; Laplume, J.; Soret, P.; et al. Network-based repurposing identifies anti-alarmins as drug candidates to control severe lung inflammation in COVID-19. PLoS ONE 2021, 16, e0254374. [Google Scholar] [CrossRef] [PubMed]

	



Markovic, S.S.; Jovanovic, M.; Gajovic, N.; Jurisevic, M.; Arsenijevic, N.; Jovanovic, M.; Jovanovic, M.; Mijailovic, Z.; Lukic, S.; Zornic, N.; et al. IL 33 Correlates With COVID-19 Severity, Radiographic and Clinical Finding. Front. Med. 2021, 8, 749569. [Google Scholar] [CrossRef]

	



Brattsand, R.; Linden, M. Cytokine modulation by glucocorticoids: Mechanisms and actions in cellular studies. Aliment. Pharmacol. Ther. 1996, 10 (Suppl. S2), 81–90; discussion 91–82. [Google Scholar] [CrossRef] [PubMed]

	



Roan, F.; Obata-Ninomiya, K.; Ziegler, S.F. Epithelial cell–derived cytokines: More than just signaling the alarm. J. Clin. Investig. 2019, 129, 1441–1451. [Google Scholar] [CrossRef]

	



Liu, R.; Liu, L.; Wei, C.; Li, D. IL-33/ST2 immunobiology in coronary artery disease: A systematic review and meta-analysis. Front. Cardiovasc. Med. 2022, 9, 990007. [Google Scholar] [CrossRef]

	



López-Mejías, R.; Genre, F.; Remuzgo-Martínez, S.; Robustillo-Villarino, M.; García-Bermúdez, M.; Llorca, J.; Corrales, A.; González-Juanatey, C.; Ubilla, B.; Miranda-Filloy, J.A.; et al. Protective Role of the Interleukin 33 rs3939286 Gene Polymorphism in the Development of Subclinical Atherosclerosis in Rheumatoid Arthritis Patients. PLoS ONE 2015, 10, e0143153. [Google Scholar] [CrossRef]

	



Sherry, S.T.; Ward, M.; Sirotkin, K. dbSNP-Database for Single Nucleotide Polymorphisms and Other Classes of Minor Genetic Variation. Genome Res. 1999, 9, 677–679. [Google Scholar] [CrossRef]

	



Faucher, G.; Guénard, F.; Bouchard, L.; Garneau, V.; Turcot, V.; Houde, A.; Tchernof, A.; Bergeron, J.; Deshaies, Y.; Hould, F.-S.; et al. Genetic contribution to C-reactive protein levels in severe obesity. Mol. Genet. Metab. 2012, 105, 494–501. [Google Scholar] [CrossRef]

	



Nie, S.-F.; Zha, L.-F.; Fan, Q.; Liao, Y.-H.; Zhang, H.-S.; Chen, Q.-W.; Wang, F.; Tang, T.-T.; Xia, N.; Xu, C.-Q.; et al. Genetic Regulation of the Thymic Stromal Lymphopoietin (TSLP)/TSLP Receptor (TSLPR) Gene Expression and Influence of Epistatic Interactions between IL-33 and the TSLP/TSLPR Axis on Risk of Coronary Artery Disease. Front. Immunol. 2018, 9, 1775. [Google Scholar] [CrossRef] [PubMed]

	



Yu, C.; Huang, W.; Zhou, Z.; Liang, S.; Zhou, Z.; Liu, J.; Zhao, H.; Liu, L.; Dong, H.; Zou, F.; et al. Short isoform thymic stromal lymphopoietin reduces inflammation and aerobic glycolysis of asthmatic airway epithelium by antagonizing long isoform thymic stromal lymphopoietin. Respir. Res. 2022, 23, 75. [Google Scholar] [CrossRef] [PubMed]

	



Birben, E.; Sahiner, U.M.; Karaaslan, C.; Yavuz, T.S.; Cosgun, E.; Kalayci, O.; Sackesen, C. The genetic variants of thymic stromal lymphopoietin protein in children with asthma and allergic rhinitis. Int. Arch. Allergy Immunol. 2014, 163, 185–192. [Google Scholar] [CrossRef]

	



Björnström, L.; Sjöberg, M. Mechanisms of Estrogen Receptor Signaling: Convergence of Genomic and Nongenomic Actions on Target Genes. Mol. Endocrinol. 2005, 19, 833–842. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 14 01721 g001] 





Figure 1. Comparison of alarmin cytokine levels in (a) COVID-19-positive and COVID-19-negative patients, (b) COVID-19-positive patients divided into mild, moderate, and severe intensity with steroid treatment in 8/19, 39/43, and 7/8, respectively, and (c) COVID-19-positive patients divided by age (above or below 60 years old). Statistical testing was conducted using independent t test and one-way ANOVA. COVID-19-negative patients had significantly lower levels of IL-33 and IL-25 (p < 0.05) (a). There was no difference in the level of alarmins between the groups regarding different severities (b). When stratified based on age, COVID-19-positive patients younger than 60 years old were shown to have lower levels of IL-25 (c). 
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Figure 2. The effect of single nucleotide polymorphisms (SNPs) on (a) serum levels, and (b) and sex-specific serum levels of TSLP and IL-33 in COVID-19-positive patients. Carriers of TSLP SNPs rs2289276 and rs3806933 showed lower levels of TSLP cytokine in their serum indicating a protective pattern of these SNPs. IL-33 SNPs, however, did not show any protective nor direct associations (a). When stratified for gender, male carriers of Rs2289276 and female carriers of Rs3806933 showed lower TSLP levels. Male carriers of Rs1342326 also showed lower IL-33 levels (b). 
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Table 1. Comparison of clinical and demographic characteristics shown as mean (SD) for numerical data and number (%) for categorical data of COVID-19-positive and COVID-19-negative patients. ** p < 0.005; * p < 0.05 significant difference between groups.
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Demographics

	
COVID-19 Positive (N = 84)

	
COVID-19 Negative (N = 65)






	
Sex

	
Male

	
46 (54.8)

	
33 (49.3)




	
Female

	
38 (45.2)

	
34 (50.7)




	
Age

	

	
60.38 (18.10)

	
62.53 (15.17)




	
Steroid Treatment

	

	
54 (77.1)

	
5 (9.6) **




	
Smoking Status

	

	

	




	

	
Never

	
50 (64.9)

	
26 (46.4) *




	
Ex-smoker

	
19 (24.7)

	
18 (32.1)




	
Current Smoker

	
8 (10.4)

	
12 (21.4)




	
Comorbidities




	
        Asthma

	

	
8 (9.5)

	
8 (11.6)




	
        COPD

	

	
8 (9.5)

	
11 (15.9)




	
        Hypertension

	

	
40 (54.1)

	
39 (75) *




	
        Dyslipidemia

	

	
29 (39.7)

	
30 (57.7) *




	
        Diabetes Mellitus

	

	
28 (33.3)

	
22 (31.9)




	
        Atrial fibrillation

	

	
10 (14.1)

	
10 (19.2)




	
        Coronary Artery Disease

	

	
13 (18.3)

	
12 (23.1)




	
        Chronic Kidney Disease

	

	
6 (8.5)

	
9 (17.3)




	
        GERD

	

	
22 (31.4)

	
19 (36.5)




	
        Osteoarthritis

	

	
5 (7.2)

	
19 (38.8) *




	
        Osteoporosis

	

	
6 (9.0)

	
10 (24.0)











 





Table 2. Comparison of TSLP and IL-33 gene single nucleotide polymorphisms in COVID-19-positive patients across disease severity.
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SNPs

	
Genotypes

	

	
Population

	
Multinomial Regression




	
COVID-19 Positive

(N = 84)

	
COVID-19 Negative

(N = 65)

	
Mild

(N = 25)

	
Moderate

(N = 45)

	
Severe

(N = 14)

	
Moderate vs. Mild

	
Severe vs. Mild




	

	

	

	

	

	

	

	
OR (95% CI)

	
OR (95% CI)






	
TSLP




	
rs2289276

	
CC a

	
34 (41)

	
28 (42.4)

	
9 (36)

	
20 (44.4)

	
5 (38.5)

	

	




	
CT

	
41 (49.4)

	
34 (51.5)

	
13 (52)

	
21 (46.7)

	
7 (53.8)

	
0.97 (0.15–6.09)

	
1.01 (0.07–4.25)




	
TT

	
8 (9.6)

	
4 (6.1)

	
3 (12)

	
4 (8.9)

	
1 (7.7)

	
0.81 (0.26–2.59)

	
0.59 (0.10–3.42)




	
CT + TT

	
49 (59)

	
38 (57.6)

	
16 (64)

	
25 (55.6)

	
8 (61.5)

	
0.84 (0.28–2.49)

	
0.66 (0.12–3.41)




	
rs1837253

	
CC a

	
45 (54.9)

	
36 (55.4)

	
14 (58.3)

	
24 (53.3)

	
7 (53.8)

	

	




	
CT

	
37 (45.1)

	
27 (41.5)

	
10 (41.7)

	
21 (46.7)

	
6 (46.2)

	
1.05 (0.35–3.14)

	
0.72 (0.13–3.89)




	
TT

	
0 (0)

	
2 (3.1)

	

	

	

	

	




	
CT + TT

	
37 (45.1)

	
29 (44.6)

	

	

	

	

	




	
rs3806933

	
CC

	
26 (31.7)

	
18 (26.1)

	
6 (25)

	
15 (33.3)

	
5 (38.5)

	

	




	
CT

	
42 (51.2)

	
27 (39.1)

	
16 (66.7)

	
21 (46.7)

	
5 (38.5)

	
2.46 (0.35–16.99)

	
2.42 (0.20–28.71)




	
TT

	
14 (17.1)

	
24 (34.8)

	
2 (8.3)

	
9 (20)

	
3 (23.1)

	
0.64 (0.18–2.21)

	
0.44 (0.68–2.95)




	
CT + TT

	
56 (68.3)

	
51 (73.9)

	
18 (75)

	
30 (66.7)

	
8 (61.5)

	
1.059 (0.35–3.14)

	
0.72 (0.13–3.89)




	
IL-33




	
rs3939286

	
CC a

	
20 (23.8)

	
17 (24.6)

	
3 (12)

	
10 (22.2)

	
7 (50)

	

	




	
CT

	
58 (69)

	
48 (69.6)

	
21 (84)

	
31 (68.9)

	
6 (42.9)

	
0.76 (0.05–11.46)

	
0.49 (0.01–12.68)




	
TT

	
6 (7.1)

	
4 (5.8)

	
1 (4)

	
4 (8.9)

	
1 (7.1)

	
0.356 (0.07–1.11)

	
0.10 (0.14–0.83) *




	
CT + TT

	
64 (76.2)

	
52 (75.4)

	
22 (88)

	
35 (77.8)

	
7 (50)

	
0.38 (0.07–2.02)

	
0.13(0.01–0.95) *




	
rs1342326

	
AA a

	
53 (63.1)

	
42 (60.9)

	
15 (60)

	
29 (64.4)

	
9 (64.3)

	

	




	
AC

	
11 (13.1)

	
11 (15.9)

	
4 (16)

	
5 (11.1)

	
2 (14.3)

	
0.96 (0.25–3.63)

	
0.86 (0.12–6.35)




	
CC

	
20 (23.8)

	
16 (23.2)

	
6 (24)

	
11 (24.4)

	
3 (21.4)

	
0.52 (0.11–2.43)

	
0.513 (0.046–5.77)




	
AC + CC

	
31 (36.9)

	
27 (39.1)

	
10 (40)

	
16 (35.6)

	
5 (35.7)

	
0.75 (0.24–2.31)

	
0.70 (0.13–3.69)








a = reference genotype; OR= odds ratio. * p < 0.05 significant difference between groups.
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