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Abstract

:

The pathogenesis of allergic rhinitis is associated with genetic, environmental, and epigenetic factors. Genotyping of single nucleotide polymorphisms (SNPs) is an advanced technique in the field of molecular genetics that is closely correlated with genome-wide association studies (GWASs) in large population groups with allergic diseases. Many recent studies have paid attention to the role of epigenetics, including alteration of DNA methylation, histone acetylation, and miRNA levels in the pathogenesis of allergic rhinitis. In this review article, genetics and epigenetics of allergic rhinitis, including information regarding functions and significance of previously known and newly-discovered genes, are summarized. Directions for future genetic and epigenetic studies of allergic rhinitis are also proposed.
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1. Introduction


The prevalence of allergic rhinitis (AR) has been on the increase worldwide. The frequency of hypersensitive reactions to multiple allergens has increased. Over 40% of populations in the United States and Europe suffer from allergies [1]. AR contributes to nonproductive time at work and school, reduced participation in outdoor activities, and sleep problems in affected children. AR greatly increases the likelihood of asthma. More than 40% of patients with AR have accompanying asthma [2].



AR is characterized by sneezing, nasal itching, airflow obstruction, and watery rhinorrhea resulting from IgE-mediated responses to inhaled allergens and type 2 helper T (Th2) cell-induced mucosal inflammation [3]. It is closely related to other inflammatory diseases that affect respiratory mucous membranes, such as asthma and allergic conjunctivitis. AR is the result of a complex immunologic response to allergens [4]. At the beginning of sensitization, antigen-presenting cells uptake an allergen at a mucosal site, inducing activation of antigen-specific T cells at draining lymph nodes. Simultaneous activation of epithelial cells then induces the release of epithelial cytokines such as IL-25, IL-33, and thymic stromal lymphopoietin. This process affects a Th2 cell response, which is directed to dendritic cells, causing Th2 innate lymphoid cells and basophils to release cytokines such as IL-13 and IL-4. Such release results in the production of Th2 cells, which can turn B-cells into plasma cells to produce allergen-specific IgE antibodies. Upon re-exposure, the allergen attaches to IgE on the surface of mast cells and circulating basophils, resulting in activation of those cells and the release of histamine and leukotrienes [5,6]. These mediators can cause typical symptoms of AR. In addition, local activation of Th2 lymphocytes results in the release of cytokines that coordinate the entry of inflammatory cells to the mucosa, making nasal mucosa more sensitive to allergens. Histamine released by mast cells can activate blood vessels to increase vascular permeability, while leukotrienes cause vasodilatation. A variety of central reflexes are triggered by activation of sensory nerves, including a motor reflex that stimulates sneezing and parasympathetic reflexes that cause nasal discharge and vasodilatation. In addition, the sympathetic nerve to venous sinusoids is inhibited, leading to vascular congestion and nasal obstruction [7,8].



The pathogenesis of AR and other allergic diseases is complicated. Associations with genetic and environmental factors are known to be involved in these immunologic situations (Figure 1). Environmental determinants, such as allergen exposure, air pollution, climate change, ozone, smoking, viral infection, and environmental toxicants, may underlie much of the increase in AR prevalence. In addition, specific epigenetic changes caused by environmental exposure may contribute to cellular homeostasis and the development of allergic diseases.



Many recent studies have paid attention to the importance of epigenetics [9]. It is accepted nowadays that changes in gene functions without changes in DNA sequences are important in the pathophysiology of many diseases [10]. We have focused on the study of enzymes and processes controlling and managing diseases associated with epigenetic changes [11]. Studies have elucidated the role of epigenetics, including alteration of DNA methylation, histone acetylation, and miRNA levels, in the pathogenesis of AR [12]. In host cells, many changes to DNA methylation [13] and histone acetylation [14] can occur in response to allergens. For allergic rhinitis, it has been recently informed that the severity of allergic responses can be predicted by the DNA methylation level in the SLFN12 gene when exposed to grass pollen [15]. Histone modification and alterations in miRNA level have been demonstrated to be different at candidate gene level in patients with AR [12].



With the advance of biomedical techniques in the field of molecular genetic science, approaches to elucidating the genetics of allergic diseases have also evolved. In 2002, genome-wide genotyping was introduced, allowing genotyping of hundreds of thousands of single nucleotide polymorphisms (SNPs) and simple variants, such as insertions/deletions and repeats. The opportunity to genotype markers has increased discernment of the genetic structure of humans, revealing that SNPs are closely correlated with each other [16]. This has enabled genome-wide association studies (GWAS) in large groups of the population with allergic disease, allowing researchers to extend the scope of studies concerning the genetics of allergic disease beyond linking it with genetic association studies [17].



Seven loci significantly associated with AR have been identified through genome-wide association studies (GWAS). Many other loci have also been identified through GWAS of related allergic diseases, such as asthma, atopic dermatitis, and allergic sensitization [18,19,20,21]. Recently, with increasing interest in genetics, many genetic studies have been conducted. However, few have focused on the genetics of AR. The purpose of this review article was to summarize current studies surrounding the genetics and epigenetics of AR. In addition, we outlined future directions for research of AR.




2. Heredity in AR


Twin Studies


AR is one of the most common atopic diseases worldwide. The heritability of AR has been estimated to be over 0.65, indicating a strong genetic component [22]. Twin studies open up the possibility of the importance of genetic factors and provide strong evidence for atopic disease. The concordance rate for atopic dermatitis in identical twins is approximately 80%, which is much higher than the 20% concordance rate observed in fraternal twins [23]. Heritability estimates for AR are approximately 91% [24]. AR, atopic dermatitis, and asthma are clinically distinct diseases. However, there is strong evidence that they are correlated, with correlation estimates of 0.55 for asthma and atopic dermatitis, 0.47 for asthma and AR, and 0.62 for atopic dermatitis and AR [25]. Similarity between phenotypes of atopic disorders indicates that biological and etiological factors may also overlap between these disorders. Common genetic risk variants that affect many atopic disorders imply that they can demonstrate common pathogenic characteristics and provide ideas for the development of new treatments. Preschoolers who are not treated for AR have a three-fold increased risk of asthma in adulthood [26]. Similar to other allergic diseases, twin studies offer evidence for the genetic heritability of AR [27]. The concordance rate for identical twins is 45% to 60%, higher than that for fraternal twins of no more than 25%. The calculated heritability of AR is between 33% and 91% [25].





3. Overlapping Genetic Architecture in AR and Asthma


3.1. Genetics of Asthma


Asthma concordance for identical twins is about 50% [28]. The heritability of asthma is 0.40–0.85 [29]. In 2007, a GWAS of asthma was first published [30]. Gene loci on chromosome 17q12-21, including ORMDL3/GSDML, IKZF3, and ZPBP2, have been reported to be associated with childhood asthma [31]. Subsequent studies demonstrated that ORMDL3/GSDML variants are associated with a high risk of asthma in diverse ethnic groups [32,33,34,35]. These associated variants are associated with mRNA expression of ORMDL3 in lymphoblastoid cell lines. Another large-scale GWAS for asthma has identified six asthma-susceptible loci, including IL1RL1/IL18R1, SMAD3, ORMDL3/GSDM, IL-33, IL2RB, and HLA-DQ [33]. In particular, several GWAS for asthma have reported the involvement of the IL-33–IL-1RL1 receptor pathway, with CDHR3 and ORMDL3 being the loci associated with induced eosinophilia and Th2 inflammatory or viral responses [20,36]. Thymic stromal lymphopoietin (TSLP) and variants near TSLP involved in Th2 inflammation induced by epithelial cell-derived cytokines also show significant associations with asthma [18,36].



For asthma, several asthma-associated loci, including IL1R1, IL1RL1, IL13, SLC25A46, IL18R1, GSDMB, SMAD3, and HLA regions can influence allergic sensitization [19]. In both asthma and allergic diseases, six index SNPs are known to represent genome-wide significance. Detailed functions of these SNPs are described below. SLC25A46 and TMEM232 encode transmembrane proteins involved in solute transport. SMAD3 is related to inflammation progression due to immune responses of T-helper 2 (Th2) cells and immune-related cytokines [37]. C11orf30 is involved in increased total serum IgE levels, with higher susceptibility to poly-sensitization [38,39]. D2HGDH and GAL3ST2 encode D-2 hydroxyglutarate dehydrogenase enzyme-related metabolism and tumor metastasis-related galactose-3-O-sulfotransferase 2 enzyme, respectively [40,41].



Fine-mapping of IgE-associated loci 1q23, 5q31, and 12q13 confirmed the associations of SNPs in 1q23, 5q31, and 12q13 with IgE regulation. For 1q23 and 5q31, the majority were associated with mild to moderately elevated IgE levels, while in the 12q13 locus, single-nucleotide polymorphisms (SNPs) were found to strongly elevate IgE levels. In 1q23, 5q31, and 12q13 loci, SNPs were found to correlate specifically with atopic asthma [42].



Genetic association studies have identified about a total of 50 genes, many of which have been identified by linkage and gene mapping. Effect estimates are measured as odds ratios ranging from 0.5 to 1.5. These gene variants can predict less than 10% of the heritability of asthma [43].




3.2. Overlapping Genes in AR and Asthma


The concept of united airway disease appears to be due to the close relationship and overlapping genetic characteristics involving AR and asthma. The pathogenesis that involves respiratory epithelial cells and the inflammatory response of AR and asthma are similar [44]. Although genetic susceptibility to allergic diseases is shared, heterogenic features for defining allergy phenotypes are unique to each disease. There are strong genetic associations between AR and asthma or allergic sensitization or eczema, as well as specific shared loci among allergic diseases. To understand the strong associations between AR and asthma in terms of their genetic etiology, we identified overlapping genes by listing representative genes in asthma and AR. Figure 2 presents such representative genes and overlapping genes in patients with asthma or AR. Among the top-ranked genes, 25 independent representative loci were related to both diseases (Figure 2).



Genes and cytokines including IL3, IL4, IL5, IL13, IL33, and GM-CSF are immune-related and involved in susceptibility to AR [45]. C11orf30/LRRC32 on chromosome 11 is a significant locus associated with both AR and asthma [20,46]. Exposure to an allergen allows immune-related cells to release IgE and causes local tissues to release inflammatory mediators such as IL-4 and IL-13 [47,48].



In a GWAS study, eleven significant variants associated with the risk of asthma with rhinitis were identified, of which ZBTN10 and CLEC16A were significant [20]. A genetic variant of nuclear factor I/A(NFIA) gene in the 1p31 chromosomal region is significantly associated with combined asthma and AR phenotype [49,50]. The linkage at chromosomal locus of 5q31.1 consists of the loci at IL4-KIF3A in patients with AR and asthma [51,52].



Most of the shared genes are associated with inflammatory processes. Related genes or cytokines, including IL4, IL4R, IL5, IL13, TSLP, IGHG4, and FCER2 are involved in Th2 cell immune response with specific functions. FCER2, expressed in macrophages, eosinophils, B cells, and platelets, regulates IgE responses and is involved in antigen presentation, differentiation of T and B cells, and cellular adherence [53,54]. It is known that CCL26, CCL11, RNases, and IL5 function in recruiting eosinophil in allergic diseases. IL-10 and FOXP3 are involved in important function of regulatory T cells. Especially, IL-10 is a B cell immunosuppressive cytokine with anti-inflammatory response [55]. IL-5 plays an important role in development and function of eosinophil in asthma patients. It has been treated as a promising target currently [56]. IFNG and IL17A are related to TH1 and TH17 cells, respectively. TSLP produced in epithelial cells is involved in the innate immune response to inflammation induced by Th2 cell. IL-4 is an important mediator in allergic airway disease [57]. Systematic reviews have indicated that most loci are related to chromosomal regions, including chromosomes 6p21, 5q31-32, 11q13, and 12q14-24 [58]. The HLA region on chromosome 6q21 are the most significant loci. In studies of classical HLA alleles and amino acid variants to analyze the number of associations at immunological significant locus, HLA-B and HLA-DQB1 were identified as the strongest associated HLA class genes [59]. In GWAS of allergic sensitization and non-allergic rhinitis, the most significant loci highly overlapped with those of AR. These alterations occur within the peptide binding pocket. They are related to changes in antigen binding properties, especially antigen presentation. According to results of GWAS of asthma and allergic disease, HLA-associated with allergic disease is different from HLA-associated with asthma [60].





4. GWAS in AR


4.1. Previously Known Loci in AR


In AR studies, many genes are involved in diverse immune-related diseases, including allergic and autoimmune disorders. These genes include SDAD1, CXCL10, CXCL9, RANTES, CXCL11, IL1R1, IL13, IL18, IL21/IL2, IL23R, IL12RB1, IL27, C11orf30, SMAD3, TLR1, GATA3, and HLA-DQ.



BCAP on chromosome 10q24.1 and MRPL4 on chromosome 19p13.2 were commonly associated with AR and atopy in a GWAS of a Chinese cohort [61]. Linkages within known regions, such as HLA-DQ and NPSR1 loci, were also replicated. The 19p13.2 locus regulates allergic reactions by affecting soluble intercellular adhesion molecule 1 [62]. SNPs in the TNF-α gene are also known as a high risk factor of AR [63]. A large scale GWAS meta-analysis has indicated that C11orf30 and LRRC32 have genome-wide significance. C11orf30 encodes a protein with epithelial barrier function [64]. LRRC32 encodes a surface receptor of T cell for latent TGF-β and plays an important role in immune tolerance by regulatory T-cell function [65]. These two loci have been previously identified in GWAS of both asthma and atopic dermatitis [20,46]. A locus near FERD3L on chromosome 7p21.1 is significant in a genome-wide meta-analysis for all ethnic populations [21].




4.2. Novel Loci Identified in AR


Recently the largest GWAS has found 41 significant risk loci of AR, including 20 novel loci [59]. Most of these novel loci have functions in innate and adaptive immune processes. These include IL7R at 5p13.2 that is previously associated with eczema [66] and involved in V(D)J recombination of T- and B-cell receptors for cellular activation by the Th2 immune inducer TSLP [67]. SH2B3 on chromosomal 12q24.12 is related to blood eosinophil count [68] and inflammatory pathways by regulating T cell activation [69]. A locus on chromosomal 19q13.11 and CEBPA have been previously linked to eosinophilic esophagitis [70] and associated with myeloid cell lineage differentiation [71], respectively. In addition, CEBPG plays a role in an enhancer binding protein for IGH, IL4, IL6, and IL8 [72].



Most of the additional novel loci have known immune-related characteristics. A locus at 11q23 near CXCR5 encodes a B-cell chemokine receptor and follicular T-cells. It functions in the migration of B-cells and helps interactions between B- and T-cells within lymph nodes [73]. FCER1G at chromosomal 1q23.3 encodes γ chain of IgE receptor, which is an essential component of allergic responses. NFKB1 at 4q24 encodes a subunit of the NFκB complex by functioning in the activation of inflammatory pathways [74]. BACH2 at 6q15 plays an immune-modulating role in the production of memory B- and T- cells induced by antigen [75,76]. LTK and TYRO3 at 15q15.1 can regulate Th2 immunity and TLR signaling, respectively. SPPL3 and OASL at 12q24.31 are required for mature NK cell and IFN-αsignaling, respectively. RORA at 15q22.2 plays a role in the development of Th2 innate lymphoid cell and inflammation process. TNFSF11 at 13q14.11 functions in T-cell activation by dendritic cells. VPRBP at 3p21.2 has roles in T-cell proliferation after antigen recognition. It is involved in V(D)J recombination during B-cell development [77,78,79,80,81].



Table 1 summarizes the function, mechanism, and chromosomal locations of representative genes of previously known and novel genes identified in AR.





5. Epigenetics in Allergic Rhinitis


Studies conducted on patients with AR and immune cells isolated from patients with AR have shown that histone deacetylase (HDAC) is increased in immune cells and that inhibition of HDAC can help improve the condition of AR. A study of patients with AR has shown that HDAC1 is upregulated in the nasal epithelial cells compared to that in healthy controls [86]. Interleukin-4 (IL-4) can increase the expression of HDAC1, producing nasal epithelial barrier dysfunction [87]. HDAC1 inhibitors such as trichostatin A and sodium butyrate can inhibit nasal epithelial dysfunction in mice [87]. Many studies have reported that the expression of TWIK-related potassium channel-1 (TREK-1) is significantly down-regulated in patients with AR [47,48,53]. TREK1 expression is up-regulated and HDAC1 is down-regulated in the nasal mucosa by antigen-specific immunotherapy [86]. Thus, increased expression of HDAC in nasal epithelial cells may reduce the expression of TREK1, producing inhibitory effects in AR. Inhibition of HDAC1 promotes IL-10 and Foxp3, a main regulator in regulatory T cell functions, and blocks excessive activation of immune cells [88]. HDAC inhibitors may decrease the expression of TNF-α [89]. These findings indicate that an increase in HDAC activity might contribute to the pathogenesis of AR by increasing pro-inflammatory cytokines and decreasing anti-inflammatory cytokines.



Studies have suggested that changes in DNA methylation might differentiate allergic patients from the healthy people. Patterns of DNA methylation are correlated with patterns and numbers of CD4+ T cells in AR. A study has revealed that allergic children have changes of DNA methylation at CpG sites in blood mononuclear cells and airway epithelial cells [90]. It has been demonstrated that sublingual immunotherapy in patients with respiratory allergy is associated with decreased DNA methylation of CpG sites within the Foxp3 locus in memory regulatory T cells [91]. In addition, hypermethylation of DNA can lead to decreased expression of IFN-γ in patients with AR [92]. The increase in mRNA expression of IL-33 and IgE by DNA hypomethylation has been demonstrated [93]. Alterations in the methylation pattern at the CpG site within the melatonin receptor 1A gene might serve as paternally transmitted genetic variants in AR [94].



MicroRNAs (miRNAs) are small (20–25 nucleotides) non-protein coding RNA molecules that regulate gene expression by cleaving and silencing the target transcript and inhibiting the post-transcriptional process. With the premise that regulation of miRNA-mediated gene expression is one of the epigenetic mechanisms [95], there have been many studies on various miRNAs in AR [96]. One study has demonstrated the correlation between changes in miRNA expression, particularly decreased expression of miR-21 and miR-126 in neonatal mononuclear leukocytes, and the development of AR [97]. In childhood AR, miR-181a levels might be a predictor of disease severity [98]. Changes of miRNAs in patients with AR include upregulation of miR-498, miR-187, miR-874, miR-143, and miR-886-3p and down-regulation of miR-18a, miR-126, let-7e, miR-155, and miR-224 [99].



MiR-29a is highly expressed in the nasal mucosa of AR patients. It can suppress nasal epithelial cell apoptosis and enhance the development of AR by down-regulating FOS expression [100]. Circulating miRNAs have been poorly studied in patients with upper airway diseases, although they have a diagnostic potential for these diseases. A study has confirmed that circulating miR-206, miR-125b, miR-16, miR-126, miR-299-5p, and miR-133b levels can predict allergic and asthmatic status [101]. Endothelial miR-1 levels down-regulated by IL-13 can modulate eosinophil transport in allergic airway inflammation, showing a therapeutic potential in asthma and chronic rhinosinusitis [102].



Other studies have also shown that highly expressed miR-221 and miR-142-3p on nasal mucosa can be biomarkers for AR by promoting mast cell degranulation and reinforcing the degranulation of mast cells, respectively [103,104,105]. Moreover, miR-126-5p is involved in mast cell degranulation. miR-19a-5p and miR-26a-5p are associated with regulation of immunity and pathogenesis of the disease [106,107,108]. Table 2 summarized the functions and targets of AR-specific miRNAs based on researches so far.




6. Future Studies


6.1. Limitation of Current Genetic Studies in AR


Despite recent advances in GWAS, which may provide more information regarding disease etiology, certain limitations remain in that individual effect and possible interactions have not been resolved. Pinpointing causal SNPs can be challenging due to linkage imbalance, which can span considerably more than one gene. In addition to genetic factors, many other factors can determine treatment responses. Difference in treatment responses between individuals may contribute to the clinical course of AR and treatment responses. They might be caused by diverse factors, such as tissue-specific epigenetic influences and environmental factors, such as smoking and allergen exposure, that can potentially interact with genetic factors. This provides a basis to investigate how eosinophil targeting antibody to novel gene- based cytokines might be correlated with modifications to DNA methylation in eosinophils and pre-treatment epigenetic profiles. Epigenetic profiling could also yield future potential biomarkers that could aid in the classification and selection of patients who would most benefit from potential biological therapies and for whom little improvement could be otherwise expected. Although many target genes involved in AR have been identified recently, how medical science can use this information for the development of novel drugs or repurposing existing drugs remains unclear. Recent findings of genetic variants using genomics-based drug repositioning may provide promising results for AR patients. However, a number of novel AR loci have unknown functions in the pathogenesis of the disorder. Associated loci at 12q24.31 are between CDK2AP1 and C12orf65. Many genes including CDK2AP1, ABCB9, ARL6IP4, C12orf65, SBNO1, SNRNP35, MPHOSPH9, OGFOD2, PITPNM2, RILPL2, and SETD8 function with DDX55 as enhancer-promoter in various immune cells of blood and lung tissues. However, none of these genes has any obvious AR-related features. Many other related genes, such as NEGR1 at 1p31.1, RERE at 1p36.32, FOSL2 at 2p23.2, and JAZF1 at 7p15.1, are similar in blood and lung tissues [59]. Future studies regarding these genes and loci will be helpful and necessary to investigate AR pathogenesis and find novel drug targets. It is required to find out the link between SNPs and gene expression by identifying related cell types expressing the gene and confirming mRNA translation.




6.2. Directions for Future Studies


Currently main pharmacotherapy for AR includes oral/nasal anti-histamines, intranasal corticosteroids, leukotriene antagonists, anti-cholinergics, anti-IgE monoclonal antibodies, and mast cell stabilizers. These medications mainly aim at reducing symptoms related to AR. Limitations of these currently used pharmacotherapies are that the lasting time of effects is short and symptoms begin to appear when stopping medications [120]. Among current treatments, allergen-specific immunotherapy in which allergens are administered repeatedly subcutaneously or sublingually shows relatively long term effects in severe AR patients [121]. However, current immunotherapy has a disadvantage in that it should be administered for more than two years in order to show clinically visible effects [122,123]. There is a need to investigate other appropriate medication targets for efficient and long-term management of AR. Researches have indicated that epithelial cell-derived cytokines that regulate T cell activation in allergic diseases [124] and targeting specific cytokines and T cells could also represent potential benefits in patients with AR.



Epigenetic studies began with the goal of controlling the long term production of cytokines and T cell proliferation [125]. It has been studied as a potential drug target to suppress changes in the imbalance of T cell and cytokine profile by normalizing gene expression in AR. Studies have shown that long-term effects of immunotherapy are associated with long lasting effects of epigenetic changes [126] and may be secondary to epigenetic changes [91,127]. The generation of antigen-specific regulatory T cells (Treg) is required to induce and maintain tolerance to antigen. Demethylation of Treg-specific demethylated region (TSDR) in FOXP3 is essential for the maintenance of the inhibitory properties of Tregs [128,129]. Despite a low number of people analyzed in two studies, demethylation of FOXP3 can be a promising marker for the induction of tolerance. Analysis with a mouse model of AR has revealed that dosing synthetic anti-inflammatory miRNA concurrently with immunotherapy may improve the result of only immunotherapy [130]. It also suggests that demethylation of FOXP3 in AR may be a necessary factor for successful immunotherapy. It may play a role in predicting the response of immunotherapy. Studies investigating biomarkers for the response to omalizumab, a monoclonal antibody against IgE, which is currently marketed as a treatment for AR, has not been published so far. No study has reported genetic susceptibility of dupilumab, the latest monoclonal antibody against the receptor chain by IL-4 and IL-13. Genetics can aid in genetic determinants that may contribute to responses to specific biologicals. Epigenetic studies that predict the outcomes of biologicals are also currently scarce. It may be promising to investigate associations of the degree of methylation with associated gene and the response to a monoclonal antibody currently in use.



Epigenetic controls function as resistance to self-antigens, regulating immune responses. Epigenetic dysregulations can lead to immune disorders [131]. An epigenetic study has performed methylated DNA sequencing of lung tissue DNA from mice exposed to house dust mite (HDM) and found that continued exposure to HDM can cause airway inflammation and hypersensitivity by extensive changes in methylation and hydroxymethylation of specific genes, including SMAD3 and TGFβ2 [132]. These findings indicate that exposure to allergens could trigger epigenetic changes.



Although still in its infancy, allergic disease-associated SNPs are linked to potential drug targets. Main SNPs were associated with several gene transcripts. It may be due to functional regulation of several genes by one SNP or disequilibrium at a high linkage level. Coding mutations can alter amino acid sequences, resulting in changes in protein function. These mutations result in protein truncation or production of different amino acids by mRNA splicing [133]. Changes in amino acid levels affect protein altering, leading to changes of protein function, shape, and consequently protein concentrations. So far, few allergic disease loci have been studied for functional validation linking genetic risk and mechanism of disease. Precise mapping studies are needed to pinpoint variants and relevant genes for the development of SNPs targeting drug.



With the rapid development of genetics, we can present new drug targets and potential drug repositioning based on genomics for the therapy of AR. Drug repositioning means identifying drugs that are available in the market or in development, and repurposing them for specific uses. This method increases the efficiency of drugs and reduces time and cost due to the established safety framework [134].



GWAS can identify disease associated genes, providing a powerful technique for validating existing targets and uncovering new drug targets. Genes that encode proteins targeted by drugs already on the market have been identified by a number of genetic studies. For instance, a GWAS for dyslipidemia has revealed that the HMGCR gene that encodes the HMG-CoA reductase protein is a target for statins used to lower blood cholesterol levels. This finding is significant in that gene-targeting drugs discovered by genetic studies are more than twice as successful as drugs without genetic basis in reaching the market [135]. Although there is no case of a genomics-based drug in the respiratory or allergy field yet, it may offer potentials. Genetics can also detect targeted genetic variants with protective functions, such as a genetic variant in IL33, one of the common genes of asthma and AR. This variant reduces the expression of the proteins and reduces receptor binding, which in turn can lower circulating blood eosinophils and decrease the risk of asthma development [136]. Individuals with this genetic variant tend to be at lower risk for other allergic diseases, showing that lowering IL-33 levels or partially blocking IL-33 function might be functionally useful.



Pharmacogenetics is a promising topic in the field of allergy genetics. Among them, individualized medicine is sought-after the most to identify medications that should be used for specific patients. In patients with severe allergic disease who do not respond to standard therapy, the lack of appropriate management is the main cause of treatment failure. The aim of genetic researches for allergic disease is to achieve improved therapeutic outcomes and minimize side effects by tailoring individualized therapy to specific genotypes. Using genetics, it will be possible to identify and early discriminate patients who are difficult to treat disease, allowing them to proceed with novel personalized treatments. Personalized treatment options in which specific, targeted genetic modifications are implemented are likely to play important roles in monitoring or predicting outcomes for personalized therapy (Figure 3).





7. Conclusions


In this study, we reviewed the current status of genetic and epigenetic studies. Through expression quantitative trait locus (eQTL) mapping and coding sequence variation, we provided the latest genetic updates concerning GWAS information and AR, with an emphasis on genetic functions. Although research involving AR and asthma has made great progress to date, there remain many unexplored areas of allergic diseases among GWAS studies [137]. Many studies have been conducted on overlapping genetic significant loci and possible linked pathways among allergic disorders. However, it is difficult to differentiate between disease-specific and shared variants due to the comorbidity of multiple allergic diseases [138]. Thus, more studies are needed to understand underlying mechanisms and linkage of atopic diseases.



Genetic associations do not function equally to biological functions. Consequently, research is necessary to apply initial findings to biological insights that will further accelerate development of clinical diagnostic techniques and therapeutic applications. The final purpose of our research regarding genes implicated in AR and large scale GWAS studies on AR is to use the information of novel identified variants for diagnosis and treatment in the clinic. In the near future, using individual whole-genome sequencing to identify individual genetically at-risk patients and administer individualized medicine seems to be feasible. Future research might also include detailed genotyping of diverse ethnic populations, improving our understanding of environmental and epigenetic factors, and applying new tools using genome sequencing, epigenetics in specific tissues, and a systemic biologic approach. Systemic biology includes the aggregation of big data for integrated profiles of disease, providing better understanding of pathogenesis and disease outcome [139]. It involves the exchange of biological expression from genotype to phenotype using advanced systemic and mathematical methods [140]. Using systemized process to analyze patterns in a systematic collection of large molecular data and clinical data, can support individualized therapies for allergic diseases with similar subtypes and provide clinical insights into the pathogenesis of allergic diseases [141].



Many current GWAS studies tend to be limited to specific ethnic groups, especially Europeans. Thus, whether GWAS results can be applied more broadly to various ethnic groups remains unclear. Designing genetic studies that include racially and ethnically diverse participants with allergic diseases is needed in the future [142].
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Figure 1. Environmental/genetic/epigenetic factors in AR (Figure was created with Biorender.com, accessed on 13 December 2021). 
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Figure 2. Venn diagram of genes shared between patients AR and asthma. 
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Figure 3. Directions for future studies. 
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Table 1. Summary of genomic loci of allergic rhinitis.
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Chromosome

	
Gene

	
Possible Allergic Mechanism

	
References






	
19p13

	
MRPL4

	
Involved in inflammatory adhesion process.

	
[61]




	
10q24

	
BCAP

	
B cells development, activation, and maturation.

	
[61]




	
11q13

	
C11orf30/LRRC32

	
Epithelial barrier function, regulatory

	
[18]




	
T-cell function, and immune tolerance.




	
4p14

	
TLR6

	
Pattern recognition receptors in innate immunity.

	
[18]




	
4q27

	
IL2

	
Immune regulatory effects.

	
[19]




	
5q22.1

	
TSLP

	
Th2 immune responses.

	
[18]




	
TMEM232, SLCA25A46




	
6p21.32

	
HLA region (BTNL2,HLA-DPB1,HLA-DQA1,HLA-DQB1,HLA-DRB1,

	
Antigen presentation, self tolerance.

	
[18]




	
HLA-DRB3,HLA-DRB4,HLA-DRB5,TAP1, andTAP2)




	
11q13.5

	
C11orf30, LRRC32

	
Expressed in regulatory T cell, involved in TGF-β signaling.

	
[18]




	
14q23.1

	
PPM1A, DHRS7

	

	
[18]




	
16p13.13

	
CLEC16A

	
Highly expressed in lung, T- and B-cells with unknown function.

	
[20]




	
5p13.2

	
CAPSL; IL7R

	
V(D)J recombination of B and T cell receptors.

	
[59]




	
T cell subtypes have different levels of IL-7R on the cell surface.




	
12q24.31

	
CDK2AP1; C12orf65

	
Involved in downstream of T cell receptor activation. Involved in hematopoiesis.

	
[59]




	
6q15

	
BACH2; GJA10

	
Production of memory T cells and memory B cells induced by antigen.

	
[59]




	
11q23.3

	
CXCR5; DDX6

	
Chemokine receptor expressed on B cells and involved in B cell migration in spleen and lymph nodes.

	
[59]




	
CXCR5 is expressed on a subset of follicular T cells.




	
1q23.3

	
AL590714.1; FCER1G

	
Encodes IgE receptor in epithelial cells and immune cells. Tanb

	
[61]




	
15q15.1

	
ITPKA; RTF1

	
TYRO3 inhibits immune signaling mediated from TLR and activates SOCS1. Leukocyte tyrosine kinase is involved in downstream of T cell receptor activation.

	
[59]




	
4q24

	
MANBA; NFKB1

	
NFKB1 is involved in activation of inflammatory pathways, mediating signals from TLRs and cytokines.

	
[82]




	
7p15.1

	
JAZF1; TAX1BP1

	
Transcriptional repressor in endometrial stromal tumors, multiple sclerosis and Th2 diabetes.

	
[59]




	
12q24.12

	
ATXN2; SH2B3

	
Involved in hematopoiesis and downstream of T cell receptor activation.

	
[59]




	
9q34.2

	
ABO; OBP2B

	
Allele variants of ABO determine blood group type.

	
[59]




	
3p21.2

	
VPRBP

	
Involved in T cell proliferation and V(D)J recombination in B cell development.

	
[59]




	
2p23.2

	
FOSL2; RBKS

	
Cell cycle and proliferation.

	
[59]




	
10q24.32

	
ACTR1A; TMEM180

	
Subunit of NFKB complex and involved in regulating TLR-4 and cytokine signaling.

	
[59]




	
1p31.1

	
LRRIQ3; NEGR1

	
Cell adhesion.

	
[59]




	
19q13.11

	
CEBPA; SLC7A10

	
CEBPG is involved in transcriptional enhancers for the immunoglobulin heavy chain. CEBPA is involved in lung development and inflammatory bowel disease.

	
[83]




	
12q24.31

	
SPPL3; ACADS

	
Regulate the number of NK cells. OASL is involved in IFN-γ signaling.

	
[59]




	
2q36.3

	
SPHKAP; DAW1

	
Dynein assembly factor.

	
[59]




	
15q22.2

	
RORA

	
Involved in development of natural helper cell.

	
[84]




	
1p36.23

	
RERE; SLC45A1

	
Apoptosis-associated transcription factor.

	
[85]




	
13q14.11

	
TNFSF11; AKAP11

	
Help dendritic cells to enhance T cell activation.

	
[59]
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Table 2. Summary of miRNAs in allergic rhinitis.
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	miRNA
	Target
	Function
	References





	let-7
	JAK1/STAT3, IL-13, SOCS4
	Regulating IL-13 secretion and modulating Th2 inflammation.
	[99,109,110]



	miR-206
	S100A7A, VEGF
	Involved in the VEGF pathway
	[101]



	miR-338-3p
	WNT/ β-Catenin
	inducing epithelial-mesenchymal transition by inhibition of Wnt/β-catenin pathway.
	[101]



	miR-16
	IκB/NF-κB
	Prevents IL-13-induced inflammatory cytokine secretion.
	[111]



	miR-498
	STAT3
	Suppressing Th17 cell differentiation.
	[99,101]



	miR-187
	CD276
	Regulation of T-cell response.
	[99,112]



	miR-143
	TGF-β1
	Modulates memory T-cell differentiation.
	[99,112]



	miR-886-3p
	SMAD3, FoxO1
	Regulates TGF pathway via SMAD3.
	[99,112]



	miR-224
	SMAD4
	Regulates TGF pathway via SMAD4.
	[99,112]



	miR-155
	IL13Ra1
	Control the proliferation and differentiation of Treg cells and regulates IL-13 pathway in macrophages.
	[113,114,115,116]



	miR-126
	VEGF, IRS1
	Decreased expression in mononuclear leukocytes, regulating IL4 effect.
	[117]



	miR18a
	CTGF
	Involved in TGF pathway.
	[101]



	miR-205
	MICAL2
	Activation of ERK17 pathway.
	[99]



	miR-375
	JAK2/STAT3
	Prevents apoptosis of nasal mucosa cells
	[118]



	miR-19a
	TGFβ1
	attenuate allergen-induced suppression of IL-10 in the peripheral dendritic cells.
	[117]



	miR-26a
	SMAD2, SMAD3
	Modulation of TGF-β-dependent signaling pathways and repression of inflammatory responses by promoting regulatory T-cell responses or through NF-κB inhibition.
	[101]



	miR-135a
	GATA-3
	Increase in the levels of IL-4 and IgE in nasal mucosa, prevent mast cell activation/degranulation.
	[119]
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