

[image: Asthma and the Missing Heritability Problem: Necessity for Multiomics Approaches in Determining Accurate Risk Profiles]
Asthma and the Missing Heritability Problem: Necessity for Multiomics Approaches in Determining Accurate Risk Profiles





REVIEW

published: 25 May 2022

doi: 10.3389/fimmu.2022.822324

[image: image2]


Asthma and the Missing Heritability Problem: Necessity for Multiomics Approaches in Determining Accurate Risk Profiles


Tracy Augustine, Mohammad Ameen Al-Aghbar, Moza Al-Kowari, Meritxell Espino-Guarch and Nicholas van Panhuys *


Laboratory of Immunoregulation, Systems Biology and Immunology Department, Sidra Medicine, Doha, Qatar




Edited by: 

Tobias R. Kollmann, University of Western Australia, Australia

Reviewed by: 

Scott James Tebbutt, University of British Columbia, Canada

Hanna Danielewicz, Wroclaw Medical University, Poland

*Correspondence: 

Nicholas van Panhuys
 nvanpanhuys@sidra.org

Specialty section: 
 This article was submitted to Systems Immunology, a section of the journal Frontiers in Immunology


Received: 25 November 2021

Accepted: 25 April 2022

Published: 25 May 2022

Citation:
Augustine T, Al-Aghbar MA, Al-Kowari M, Espino-Guarch M and van Panhuys N (2022) Asthma and the Missing Heritability Problem: Necessity for Multiomics Approaches in Determining Accurate Risk Profiles. Front. Immunol. 13:822324. doi: 10.3389/fimmu.2022.822324



Asthma is ranked among the most common chronic conditions and has become a significant public health issue due to the recent and rapid increase in its prevalence. Investigations into the underlying genetic factors predict a heritable component for its incidence, estimated between 35% and 90% of causation. Despite the application of large-scale genome-wide association studies (GWAS) and admixture mapping approaches, the proportion of variants identified accounts for less than 15% of the observed heritability of the disease. The discrepancy between the predicted heritable component of disease and the proportion of heritability mapped to the currently identified susceptibility loci has been termed the ‘missing heritability problem.’ Here, we examine recent studies involving both the analysis of genetically encoded features that contribute to asthma and also the role of non-encoded heritable characteristics, including epigenetic, environmental, and developmental aspects of disease. The importance of vertical maternal microbiome transfer and the influence of maternal immune factors on fetal conditioning in the inheritance of disease are also discussed. In order to highlight the broad array of biological inputs that contribute to the sum of heritable risk factors associated with allergic disease incidence that, together, contribute to the induction of a pro-atopic state. Currently, there is a need to develop in-depth models of asthma risk factors to overcome the limitations encountered in the interpretation of GWAS results in isolation, which have resulted in the missing heritability problem. Hence, multiomics analyses need to be established considering genetic, epigenetic, and functional data to create a true systems biology-based approach for analyzing the regulatory pathways that underlie the inheritance of asthma and to develop accurate risk profiles for disease.
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Introduction

To address the epidemic of asthma currently faced by society, it is necessary to gain a deeper understanding of the interwoven elements that lead to the initiation of the disease state. Why a significant proportion of the population suffers from asthma, while the rest remain healthy, has yet to be adequately determined. Asthma is a serious worldwide health issue and is now counted among the most common of chronic conditions in industrialized nations with over 300 million people affected worldwide and approximately 250,000 deaths recorded on a yearly basis (1). While the initial sensitization to environmental allergens that is responsible for the occurrence of atopic asthma typically occurs during childhood, we postulate that the predisposition to develop atopy occurs very early in life. Mediated through the inheritance of genetic risk factors which act in combination with multiple non-genetically encoded factors that are passed on either prior to birth or in the immediate post-natal period leading to the establishment of a predisposition for atopic sensitization (2) and the development of asthma.

The incidence of asthma has rapidly increased by 3-5 fold over the last 40 years (3, 4). During this time, a large number of genetic contributors to asthma have been identified (5), indicating a significant genetic component to the disease. However, the rapid rise in the rate of disease, coupled with the strong familial association, indicates that this dramatic increase is also the result of alterations in non-genetically encoded heritable factors (6, 7). As such, asthma can be characterized as a highly complex syndrome with genetic, epigenetic, and environmental risk factors that contribute to the establishment of the disease. Multiple genetic components have been identified as either protective or contributory to disease susceptibility; with interactions between genetic, epigenetic, and non-genetic factors then setting a threshold of susceptibility for an individual’s environmental exposure to sensitizing allergens governing the onset of disease. Additionally, alterations in lifestyle associated with modern industrialized living conditions may be responsible for the increased risk, ultimately leading to the induction of disease in a growing proportion of the population (8). Interestingly, the major risk factor for developing asthma has been shown to be a familial history of disease (9), with maternal rates of inheritance contributing significantly more than paternal transmission rates (5-fold greater) (10). Estimations from GWAS indicate that the single nucleotide polymorphisms (SNPs) currently identified are only able to account for 2.5%-14% of asthma heritability (5). Whereas twin studies have shown asthma heritability rates in the adult population of up to 55%, with even higher estimates reported among young children (11, 12). The low rates of currently identified variants accounting for the heritability of asthma points to the importance of additional non-genetically encoded factors playing a role in the susceptibility to asthma and atopic sensitization. These observations have led to the development of ‘the missing heritability problem’, as a theory to help explain the limitation of GWAS and other genetic studies to elucidate the variance in heritability of disease (13).



Missing Heritability Theory

The advent of GWAS techniques along with the ability to sequence and identify variants that contribute to complex human diseases and traits has allowed the study of inherited predisposing factors, far beyond the scope provided through family linkage studies; with the latter previously proving to be powerful in the identification of Mendelian disorders caused by single gene variants (14).

Next generation sequencing (NGS) has driven the development of new tools for assaying the relative impact of rare variants that have much more modest effects in contributing to the phenotypic outcome (13). Inclusion of these rare variants into multiple variant analysis to account for the development of specific conditions has proved to be highly informative, where the variants have a relatively large effect on disease development (>two-fold increase).

In the classical example of macular degeneration (15), five discrete loci account for 50% of the genetic heritability observed. Conversely, early studies into the variants responsible for human height could only account for approximately 5% of the genetic heritability observed through twin studies (estimated at 50%-80%), with over 50 variants associated with human height (16). Whereas, more recent studies have been able to account for up to 45% of the genetic association between SNPs and height, by adapting the analysis of individual SNPs that contribute to the variance of a characteristic through the use of models that are able to simultaneously consider multiple SNP associations (16). These early studies identified a still unresolved problem in using GWAS to analyze inherited characteristics now known as the ‘missing heritability problem’ (13). Part of the issue in using such analysis lies in the fact that many of the identified SNPs have been shown to only confer a minor increase in the disease odds ratio (1.1-1.4), combined with the trend for these variants to be present in the population at low to rare minor allele frequencies. Asthma, similar to other complex traits, likely has significant degrees of heritability stemming from multiple non-genetically encoded factors, which may account for much of the ‘missing heritability problem’ observed when trying to calculate risk scores from GWAS results. This is evident when considering both the degree of heritability and the dramatic rise in the rate of asthma incidence in developed countries that have been observed over the past 40 years. Together, these data indicate that a significant interplay exists between the inheritance of predisposing genetic factors, with the inheritance of more malleable and adaptive components, including those epigenetic factors that work in concert with developmental and environmental cues (Figure 1). All of which need to be considered in order to fully understand the heritable risk factors associated with asthma inheritance (17).




Figure 1 |  Summary of the Heritable Genetic and Non-Genetic Factors that Contribute to the Predisposition for Atopic Diseases. Factors can be divided into two major categories. (1) Genetic factors including genetically encoded features such as SNPs and HLA haplotype, along with alterable non-genetically encoded epigenetic features including DNA methylation and histone acetylation status. (2) Non-Genetic factors consisting of developmental, environmental, and maternal influences including the maternal microbiome is all transmitted during fetal and/or early neonatal development.





GWAS Discovery of Asthma Associated Genetic Linkages

The first GWAS of asthma was published in 2007 by Moffatt et al. who focused on mapping the effects of SNPs associated with childhood asthma and revealed the association of the ORMDL3 gene with susceptibility to asthma (18). Over the past 15 years, GWAS have identified tens of thousands of additional SNP variants associated with asthma-susceptibility loci mapped to both coding and non-coding regions of the genome (5, 19, 20). In a previous review by Kim et al. (20), the authors summarized the results from GWAS of asthma from the years 2008 to 2018 to show the importance of merging the GWAS findings with deep learning approaches to understand the genetic architecture of the asthma. To summarize the up-to-date results of GWAS of asthma, here we searched for “asthma” using the GWAS catalog database. A total of 29 asthma GWAS studies were conducted from July 2018 to November 2021 and an estimated 2000 SNPs were identified with 580 SNPs being replicated in at least two GWAS studies. (see Table 1: Summary of replicated SNPs in more than 4 GWAS.)


Table 1 | Asthma Associated SNPs replicated in GWAS from July 2018 to November 2021.



Several of the largest studies have been performed in the UK using data from the Trans-National Asthma Genetic Consortium (23,000 asthma cases versus 118,000 controls) (31) and the UK Biobank (64,000 cases versus 329,000 controls) (28). A meta-analysis of these two studies revealed 167 significantly associated loci of which 66 were novel loci; further accounting for an additional 1.5% of the reported asthma heritability, bringing the total estimate of heritability to approximately 8-9% (19). Together, these findings underscore the difficulty of determining the genetic basis of complex disorders, even when using extremely large cohorts and indicate that non-genetically encoded inherited features may be key to developing a comprehensive understanding of the inherited incidence of asthma.

A large percentage of the SNPs identified via GWAS are non-coding variants, mapping to either intergenic or intronic regions and are currently lacking biological evidence for their functional relevance (5). Studies of GWAS data combined with functional annotations and quantitative trait loci (QTL) have sought to strengthen their context-specific relevance. In addition to replicating previously known loci, new candidate genes including DGKQ, SLC26A1, and IDUA genes, as well as variants of genes encoding transcription factors like NF-KB, cJUN, STAT family, ERG1, ELF1, EBF1, and the GATA family have been identified (32–35). Atopy-associated GWAS have identified multiple relevant biological pathways, including autoimmune and inflammatory response pathways, thereby providing insights into the underlying heritable risk (31, 36). Interestingly, asthma-risk variants identified in several studies have been mapped to 17q12-21 locus, including ORMDL3, GSDML, and CDHR3 genes (35, 37–41) and have yielded several functional validations (42–44). In addition, variants of the TSLP gene, a cytokine secreted by epithelial cells that initiates allergic inflammation (45) have been replicated in several studies suggesting that this could be a potentially critical target for drug development (5, 35, 46, 47).

Many of the identified SNPs are known to be associated with pathways involved in the development and differentiation that regulate either the induction of inflammatory Th2 cells, which promotes the onset and progression of atopic asthma or are associated with maintenance of the Treg subset that is required to mediate immune homeostasis and tolerance to both self and innocuous environmental antigens (Figure 2A). Th2-associated genes identified include the master regulator of differentiation GATA3 and several genes associated with its upstream signaling pathways, including STAT6, IL4R, TSLP, and IL-33R. Further, multiple genes associated with Treg differentiation have also been implicated, including FOXP1 (53) and FOXP3 (54). Defects in FOXP3 can lead to an inability to generate Treg cells (55), leading to the spontaneous induction of allergic disease, further demonstrating the essential role of Treg cells in controlling spontaneous reactions to common environmental stimuli and the suppression of Th2 mediated diseases (56). GWAS have also detected multiple variants affecting Treg-related differentiation-promoting genes that are also associated with an increased risk of asthma, such as BACH2, IL2Rb, and SMAD3 (5) (Figure 2B).




Figure 2 | Mechanisms of Allergic Disease Development. (A) Representative image depicting the first stage of an allergic response driven by the recognition of environmental allergens as inflammatory mediators by pattern recognition receptors (PRR) present on the surface of dendritic cells (DC) and epithelial cells in barrier tissues. Epithelial cells produce defensive cytokines including TSLP, IL-25 and IL-33 that modulate activated DC and direct naïve T cells towards the TH2 phenotype. In the absence of inflammatory stimuli, naïve T cells may be activated in a tolerogenic manner and differentiate to become peripherally induced Treg cells (pTreg), which in concert with thymically produced T regs (nTreg), mediate the dampening of inflammatory responses. Activated TH2 cells produce IL-4 and mediate B cell class switching and production of IgE. Together with ILC2, Th2 cells additionally produce IL-5 and IL-13 that regulate the activation of the innate immune system and induces migration of eosinophils, mast cells and basophils to the sites of inflammation, where IgE bound to the FcERI receptors on mast cells and basophils recognizes the cognate allergen. This induces degranulation and release of further inflammatory mediators including histamine, leukotrienes, and heparin. (B) Analysis of protein-protein interactions of the 216 genes identified by GWAS from Han et al. (19) using the STRING database (48). Identification of several clusters of highly relevant pathways that overlay with the known functional pathways previously associated with asthma and allergic diseases, including the major cytokines signals associated with TH2 differentiation (IL-2, IL-4 and IL-13) along with the downstream mediators of differentiation—STAT6 and GATA3—and transcription factors associated with Treg differentiation—FOXP1 and SMAD—which are involved in the TGFβ signaling (blue). Additionally, the TRAF1 signaling nexus is identified, where TRAF1 has previously been identified as a key factor in allergic inflammation and the regulation of IL-4 production (red) (49). FcERI signaling and interactions between TCR and MHCII (HLA-DQA1) are identified (green) and multiple pairs of protein-protein interactions integral for development of allergic inflammation are also identified (pink)—notably IL-33-IL1RL1 (50) and BATF3-BACH2 (51). Data displayed is developed using Cytoscape v.3.9 (52).



It is important to note that genome-wide findings have some limitations in terms of the quality and quantity of samples gathered and methodological biases which may lead to significant false-positive associations. Additionally, the highly heterogeneous nature and multiple endotypes of complex diseases such as asthma (57) need to be adequately controlled. The lack of adequate controls potentially lead to studies being conducted that have been hampered by poor design, such as a lack of specificity in disease characteristics being used in order to gain a sufficiently large population size. Also, ignoring the effects of environmental interactions on disease subtypes potentially could lower the number of asthma-risk variants identified to date (17). Multiple asthma endotypes have now become well recognized, with atopic asthma being the most common form, affecting from 70%–90% of childhood and approximately 50% of adult patients (1). Patients with this phenotype typically have high levels of Th2 cytokines, significant eosinophilia, and high FeNO. In addition to atopic asthma, several other endotypes can be confirmed by differential diagnosis including: allergic bronchopulmonary aspergillosis, allergic bronchopulmonary mycosis, aspirin-exacerbated respiratory disease, late onset eosinophilic, paucigranulocytic, neutrophilic, and smoking related asthma (57, 58). In addition to recruitment of asthmatics for GWAS studies being complicated with multiple distinct endotypes and phenotypes, studies into rates of asthma misdiagnosis consistently report rates as high as 30% (59, 60). As the minimum criteria for inclusion in asthma related GWAS may only require the self-reporting of asthma or a previous medical diagnosis of asthma, this infers that a non-significant proportion of asthmatics included in large scale GWAS may not actually suffer from the disease, further confounding outcomes. On the contrary, a classification of asthma based on distinct phenotypes and endotypes allows for a more accurate clinical definition of the exact nature of the inflammatory response underlying disease and ultimately allows for the design of an optimal recruitment strategy. Where the phenotype reflects the observable characteristics of disease in a patient and endotype refers to the underlying biological processes that give rise to the observed properties of the phenotype (61). As such, specific biomarkers for disease endotypes as measurable characteristics of asthma subtype are becoming increasingly more essential for clinicians and researchers to complement a clinical diagnosis of phenotype and to identify the specific phenotypes and endotypes of asthma. Current biomarkers for endotype include such factors as IgE, allergen specific IgE (sIgE), eosinophil and neutrophil counts in blood and sputum, fraction of exhaled nitric oxide (FeNO), urinary Leukotriene E4, and an increasing array of SNPs (57). This approach is already suggesting entirely novel pathways to disease—e.g., alternative macrophage specification, steroid refractory innate immunity, the interleukin-17–regulatory T-cell axis, epidermal growth factor receptor co-amplification, and Th2-mimicking but non-T-cell, interleukins 18 and 33 dependent processes that can offer unexpected therapeutic opportunities for specific patient endotypes (62).

The use of GWAS analysis in combination with other genetic analysis tools, including expression quantitative trait loci (eQTL), admixture mapping, and polygenic risk scores (PRS), in addition to the study of the underlying biological pathways identified, may help to better understand the etiology of the disease. eQTL analysis is an effective tool used to identify the effects of genetic variations on gene expression analysis through direct testing of association between genetic variations and gene expression levels. In a recent eQTL analysis study, the authors generated a list of 154 asthma-associated genes and observed that the top 30 polymorphisms were linked to multiple gene transcripts, indicating that a single SNP may be responsible for regulating the function of multiple genes (63). Conversely, eQTL analysis has also been used to show a strong relationship between ORMDL3 transcription levels and multiple asthma-associated SNPs (18). Conversely, admixture mapping is a tool used to study genetic landscapes and assess the differential risks associated with the disease, allowing for the ancestry specific genomic risk association of a trait identified by GWAS to be compared against other ancestries and to look for alterations in the odds ratio associated with inheritance. The prevalence of asthma in African American and Latino/Hispanic populations are notable examples of where admixture mapping has yielded abundant data. Studies have identified genes responsible for both increases in the prevalence of asthma and a reduction in the response to common asthma medications in African American admixture populations when compared to those with European American ancestry (64). The genetic contribution to complex traits such as asthma, likely results from the accumulation of multiple SNPs with relatively minor effects. As such, the calculation of PRS, which has previously been widely used in animal and plant breeding (65) is a relatively new approach to better understand an individual’s overall inherited risk of disease. PRS values are obtained by weighting the effect size of the risk allele from the GWAS to the sum of the genomic risk alleles of an individual. Calculation of PRS is being rapidly applied in the public health sector to accelerate personalized preventive, diagnostic, and therapeutic strategies (66–68). A recent Canadian study, utilizing both GWAS loci previously identified in the literature and those found in two Canadian cohorts, explained that 37% of the variance in disease incidence was seen in a Canadian population (69). Allowing PRS to then be used to identify individuals who may benefit the most from timely interventions, such as the use of emollient moisturizers (70) or early introduction of potential food allergens as seen in the LEAP and EAT studies (71, 72). It was shown that the introduction of common allergens including peanuts (LEAP) and milk, peanut, sesame, fish, egg, and wheat (EAT) during the first year of life could prevent allergy in infants identified as either high-risk, sensitized, or non-sensitized. Despite these significant advances in identifying the underlying causes of allergic disease provided through GWAS and other forms of genetic analysis, there are still significant gaps in our current models of the disease development that can likely be filled through analysis of other, non-genetically-encoded forms of inheritance.



Epigenetic Inheritance of Asthma

Relatively recently, the field of asthma epigenetics has been greatly advanced with the introduction of epigenome-wide association studies (EWAS), in which changes in DNA methylation across the whole epigenome, of either particular cells or tissues, can be investigated to draw associations to asthma incidence. An excellent example of what can be accomplished using EWAS type analysis was recently provided following the CpG methylation meta-analysis from the Pregnancy and Childhood Epigenetics (PACE) consortium, in which over 3,000 sites were identified in newborns as being associated with maternal smoking, including several linked to an enhanced risk of asthma (73). Additionally, the application of EWAS has helped in the identification of differentially methylated regions in asthma-related genes including IL-4, IL-13, and RUNX3 (74). EWAS was also able to detect hypomethylation in genes related to eosinophils and cytotoxic T cell activation in whole blood of childhood asthmatic patients (75) and EWAS of sputum samples revealed the hypermethylation of the PCDH2 gene. This is an important factor in the maintenance of airway epithelial connectivity which has also been associated with asthma (76) and may play an integral role in barrier defense, similar to filaggrin in atopic dermatitis (77).

Further, a distinct CpG methylation profile associated with asthma was also found to be present following an EWAS meta-analysis of the cord blood collected from 8 cohorts of newborns (78). EWAS meta-analysis has also been applied to investigate cytokine interaction pathways related to asthma in blood of children with atopic asthma, identifying 35 hypermethylated and 95 hypomethylated genes associated to asthma development (79). In adults, DNA methylation associated with asthma has been applied to PBMCs, including eosinophils, neutrophils, and monocytes identifying 9 common hypermethylated genes. It also highlighted common pathways and gene expression networks associated with asthma, including 3 pathways in eosinophilic asthma and a novel network related to the Wnt signaling pathway in neutrophilic asthma (80). Moreover, several differentially methylated genes associated with asthma have been identified from nasal brushings of childhood atopic asthma patients (nasal methylome) (81), with several studies indicating that asthma associated epigenomic profiles obtained by EWAS can be tissue-specific (82).

With the emergence of NGS technologies, it is increasingly easier to study the developmental origins of asthma and to assess the epigenetic factors that contribute to the induction of disease (83). In particular, it is now possible to assess how fetal conditioning plays a role in setting thresholds for disease development by controlling genetic-epigenetic-environmental interactions. Previously, traditional immunological studies, GWAS, and studies of monogenic diseases with associated atopy have determined that CD4+ T cells are a crucial component in the establishment of asthma and other atopic diseases (84). Studies on the epigenetic regulation in these populations have revealed that both Th2 and Treg cell populations can be influenced in a heritable manner, with epigenetic changes at the IL4 promoter being associated with a predisposition to develop asthma (85, 86). In Tregs, the permissiveness of histone methylation at conserved non-coding sequences and the relative abundance of histone acetylases in comparison to histone deacetylases have emerged as key epigenetic factors linking Treg development with disease susceptibility (87). Additionally, alterations in the DNA methylation patterns in DC2 dendritic cells that prime Th2 differentiation have been observed (88). Human birth cohort studies have shown distinct methylation signatures of IL-4R and GATA3 genes being present at birth in children who developed asthma (89). Methylation of SMAD3 at birth, a locus previously identified by GWAS and known to regulate FOXP3 induction during Treg development (90) was also found to be strongly associated with the development of childhood asthma, potentially through a dysregulation of IL-1b signaling (91). Studies in both animal models and humans (85, 86) have shown evidence for the epigenetic heritability of allergic disease across generations (88). This leads to the theory that disease incidence can be passed to the next generation, both by shared environmental factors and by “induced epigenetic transmission” through both histone modifications and DNA methylation patterns, via the formation of metastable epialleles (92). Additionally, evidence of epigenetic transmission has been gained from studies on the impact of maternal smoking during pregnancy that showed increases for the risk of asthma in children (93, 94). Also, induction of differential DNA methylation in genes involved in the fundamental developmental processes of offspring of mothers who smoked (95) and, as mentioned above, a meta-analysis of 13 cohorts by the PACE consortium which identified nearly 3,000 CpG sites corresponding to differentially methylated genes in response to maternal smoking, including the ESR-1, ASRT and IL-32 genes were previously implicated in genetic studies of asthma (96). Furthermore, exposure to diesel particulate matter in mice during pregnancy was found not only to increase the incidence of asthma sensitivity in the F1 generation but also increase the sensitivity in the F2 and F3 generations. This finding correlates distinct and persistent changes in the methylation status of multiple genes with various chromatin modification pathways (97) and raises the possibility of the enhanced risk of asthma being transferred epigenetically through multiple generations via trans-generational epigenetic inheritance (98).

Together, these studies highlight the profound effects of epigenetic landscape alterations on the inheritance of asthma and the need to include an analysis of the impact of differential epigenetic modifications on gene expression when assessing potential asthma risk factors.



Asthma and the Transfer of Maternal Immune Factors

Previous studies report that maternal asthma is a greater risk factor than paternal asthma for the inheritance of the disease (5- fold greater) (9) and a lack of maternal asthma control during pregnancy imparts a greater risk of asthma/recurrent wheeze in the offspring when compared to a controlled maternal asthma status throughout pregnancy (9). During in utero development, the fetus is constantly exposed to an environment in which it is surrounded by the maternal metabolic and immune milieu (99). A growing number of studies indicate that the in utero environment of asthmatic mothers is distinct from that of non-asthmatic mothers, where the presence of those cytokines associated with asthma may cause developmental alterations (100), with reports indicating that both asthma and atopy have their origins during in utero development (93, 100). Maternal atopy has been found to be associated with differential methylation patterns in the cord blood of neonates (99). A study of 36 patients enrolled in the Infant Immune Study looking for DNA methylation signatures predictive of childhood asthma identified that cord blood mononuclear cells (CBMCs) harbored 589 differentially methylated regions (DMRs) associated with childhood asthma; further analysis of which showed a significant enrichment of DMRs in genes controlled by immunoregulatory TGF-β1 and pro-inflammatory IL-1β (101). Moreover, CBMCs of asthmatic children from asthmatic mothers secreted more of IL-1β and exhibited high SMAD3 methylation as compared to non-asthmatic children from asthmatic mothers (101). Additional cord blood studies show that the association of increased methylation of a functional CpG site in the IL-2 promoter increased the likelihood of severe asthma exacerbations, as well as hospital admissions for asthma/wheeze in children between 2 and 8 years of age (102). Moreover, Barton et al. showed that higher methylation of GATA3 CpGs-2211/-2209 at birth was associated with a reduced risk of asthma at 3 years of age (103). A very recent EWAS of cord-blood samples in a cohort of 96 mother-child pairs, recruited as part of the ongoing ELMA- Epigenetic Hallmark of Maternal Atopy and Diet study, indicated that maternal atopy was associated with specific epigenetic signatures in the offspring, identifying 83 CpG islands mapping to 50 genes associated with maternal atopy (99). The genes C20orf166, STAC, SYT8, KCNJ15, SCD, LINCOO669, PLEKHA2, ITM2C, NT5C3A and NPEPL1 had the most significant differentially methylated sites of which SCD, ITM2C, NT5C3A and NPEPL1 genes are known to impact the immune system, allergy, and asthma; thereby suggesting that maternal atopy constitutes a unique intrauterine environment which is associated with the induction of distinct methylation patterns associated with the inheritance of a pro-atopic state (99).

There is also evidence to suggest that the transmission of maternally derived immune factors during fetal development may be a significant source of inherited immunological conditioning. As in utero exposure to stress response factors (104) and inflammatory cytokines (105, 106) have both been found to be important risk factors for the development of asthma. During development, fetal and neonatal immune responses are considered immature and present significant differences to those in adults, displaying a significant skewing towards the development of type 2 inflammatory responses, as part of a mechanism that protects against fetal rejection by the maternal immune system (107). Maternal cytokine production levels have been shown to influence the development of the immune system, with higher maternal IFN-γ:IL-13 and IFN-γ:IL-4 ratios during pregnancy being associated with decreased risk for childhood asthma at the age of 5 (100) and a decreased IFN-γ:IL-4 ratio during the first trimester of pregnancy being associated with an increased risk of atopy (108). This coincides with an increased rate of Th2 cells and a significant decrease in Treg: Th2 cells ratio present at birth in the cord blood of children born to atopic mothers (109). Together, these data suggest that the bias towards generating a type 2 inflammatory response during fetal development may carry over into neonatal life, where exposure to otherwise innocuous environmental antigens could induce an inflammatory response, as opposed to a tolerogenic response.

Among other maternal factors thought to play a potentially significant role in the development of asthma are the presence of maternal cells in fetal lymph nodes, which occurs through a process known as maternal microchimerism (MMc) (110). While the presence of MMc has been found to be associated with chronic inflammation and autoimmune diseases, it has also been shown to be protective against the development of asthma (111). The transplacental migration of maternal cells leads to their localization in fetal lymph nodes, where fetal CD4+ Tregs have been shown to preferentially develop following exposure to maternally associated non-inherited antigens, creating an early tolerogenic environment (112). These initial fetal clonotypes have then been observed to exert a lasting influence on the development of the T cell repertoire which can be observed in the persistence of clonotypes into adulthood (113).

Breastfeeding provides a further potential avenue for the vertical transmission of familial traits. As the complement of maternal immunoglobulins, cytokines, and immune cells contained in breastmilk provide an early form of defense during the initial conditioning of the neonate to the external environment (114) and may play a key role in setting immune tolerance thresholds to potential allergens; an aspect of which is especially important during the first few weeks of life when the infant gut remains highly permeable to both macromolecules and cellular components (115). Currently, no conclusive mechanistic evidence exists for how the transfer of maternal factors is protective against asthma, but multiple meta-analyses have shown protective effects of breast feeding against the induction of asthma and atopic disease [reviewed extensively in (116)]. However, a recent study by Ramanan et al. (117) demonstrated that the transmission of maternal Ig via breast milk was able to induce a multigenerational setpoint that governs the generation of gut resident Tregs responsible for induction of tolerance. Establishment of a protective population of RORg+ Treg was shown to be dependent on the maternal transmission of IgA and was reliant on a double negative feedback pathway whereby RORg+ Treg and IgA+ B cells co-regulate each other. Transmission of maternal IgA depressed the induction of RORg+ Tregs, allowing the production of commensal-specific B cell production of IgA, which could in turn be passed on to the next generation. Notably, these effects were found to be non-genetic, non-epigenetic, and non-microbial and were carried over multiple generations, even when animals were continuously backcrossed into their original genetic strain. In human subjects, patients with food allergies have been shown to have reduced numbers of RORg+ Tregs, and tolerance induction mediated by commensal bacteria has been shown to be dependent on RORg+ Tregs (118). Together, these data, built on previous findings, indicate dysbiosis in IgA recognition patterns in children with allergies who are readily observable at one month of age, a time when the IgA antibodies present are predominantly of maternal origin in breast-fed children (119). The establishment of RORg+ Treg levels by maternal Ig-based factors could then provide an initial setpoint in determining the baseline atopic state for an individual, leading to a predisposition towards food allergies and then progressing through the atopic march and asthma in later life (120, 121).



Environmental and Microbial Factors in the Development of Atopic Disease

Apart from genetic susceptibilities, the incidence and progression of asthma are greatly influenced by early environmental exposures, with the likelihood of asthma development beginning with in utero exposures (93). Factors including maternal diet, environmental pollutants, maternal microbiome, and maternal consumption of antibiotics during pregnancy have all been identified as contributing risk factors (122). Maternal dietary patterns significantly influence childhood immune development and function and a balanced healthy diet during pregnancy has been shown to confer protection against childhood asthma (93). Specifically, the regular dietary intake of foods high in antioxidants, vitamin D, and omega-3 polyunsaturated fatty acids during pregnancy has been shown to have protective effects against the development of asthma and other atopic diseases (123, 124). A meta-analysis of epidemiological studies based on the maternal dietary profile during the gestational period and documentation of asthma in their offspring revealed that an appropriate dietary intake of vitamin D, vitamin E, and zinc reduces the risk of childhood wheezing (125). Additionally, a birth cohort study of mother-child pairs revealed that high maternal dietary intake of potential food allergens, including peanut, milk, and wheat, in early pregnancy could reduce the risk of mid-childhood allergy and asthma (126).

Considerable effects of early life environmental exposures have been found to play a critical role in governing the rates of childhood asthma. Multiple studies, including the PARSIFAL and GABRIEL cohorts, have shown that children born in rural farming families are more resistant to atopic diseases, including asthma, than children raised in more urban environments. This is potentially due to an exposure, during early life, to a wider range of microbes present in farming environments (127–132). Additionally, maternal exposure to a microbial environment associated with livestock has been shown to be important in shaping fetal immune responses (132). A recent study found that chronic exposure to either low-dose bacterial endotoxin (lipopolysaccharide) or farm dust conferred protection against house dust mite (HDM)-induced asthma (129). The study also revealed that levels of a ubiquitin-modifying enzyme, A20 (TNFAIP3 protein), present in the lung epithelium, were responsible for providing protection against asthma in children growing up on dairy farms. Consistent with these findings, a loss-of-function SNP present in the TNFAIP3 gene confers an increased risk of asthma in these children (129), highlighting the strong role of gene-environment interplay in the development of asthma.

A study of mothers living in farming environments that raise livestock showed increased rates of consumption of microbial-rich unpasteurized milk, which is associated with diverse maternal gut microbiomes and, in turn, confer protective effects against asthma development in their children (93). The maternal gut microbiome composition and the microbial metabolites produced, including short-chain fatty acids (SCFAs), have a direct impact on the development of the fetal immune system (133). The effects of SCFAs on atopy were further characterized in pregnant mice fed either on a high-fiber diet or given SCFAs in drinking water, both of which conferred protection against asthma in offspring, mediated via the induction of enhanced Treg cell numbers and function (130). Murine studies on the transmission of mammalian gut microbiota have also shown that vertical inheritance from mother to offspring is predominant over the horizontal transmission of microbiota, although this is most likely associated with pathogenicity (128). A paired longitudinal metagenomic study of mother and child stool samples in a Finnish birth cohort identified that although the mother’s dominant gut bacterial strains were often vertically transmitted to the offspring, non-dominant strain transmissions also occurred in the offspring (131). The maternal gut microbiome has been shown to be vertically inherited from mother to child both prenatally and based on the mode of delivery (127, 131), as well as postnatally through breastfeeding (134) where the infant gut microbiome co-develops along with the intestinal immune system following birth. Vaginally delivered babies develop gut microbial communities similar to maternal vaginal microbial composition, whereas, in case of caesarean sections, babies acquire gut microbial communities similar to the maternal skin microbiome profile (135). Inevitably, the composition of the maternal microbiome during pregnancy has a significant impact on fetal immune development and influences the predisposition of the offspring to develop asthma (133). Furthermore, exposure of the fetus to probiotic bacterial species Lactobacillus and Bifidobacteria in the pregnant mother confers increased resistance to atopic diseases in these children, and this was shown to be achieved through enhanced recruitment of Tregs to the fetus through cord blood (136, 137).

Conversely, maternal exposure to antibiotics during pregnancy can increase the risk of asthma in children (138). Maternal use of antibiotics induces perturbations in the composition of the indigenous gut microbiome, resulting in microbial dysbiosis. Maternal microbial dysbiosis can, in turn, negatively affect the inheritance of a healthy maternal microbiome in the fetus. Human cohort studies have shown that prenatal and perinatal exposure to antibiotics can result in an increased risk of childhood asthma (139). Findings from the Copenhagen Prospective Study on Asthma in Childhood identified an increased risk of asthma with maternal use of antibiotics in the third trimester of pregnancy, and the Danish National Birth Cohort study showed an increased risk of asthma in children in response to maternal use of antibiotics irrespective of the pregnancy stage (140). Administration of intrapartum antibiotics, such as Group B Streptococcus antigen, can disturb the vaginal microbiome composition (141), leading to disruption of maternal microbiome inheritance in the offspring. As found in the Canadian Healthy Infant Longitudinal Development (CHILD) study, children of mothers who received intrapartum antibiotics exhibited microbial dysbiosis at three months of age, which was characterized by low levels of Bacteroides and high levels of Enterococcus and Clostridium (142). Administration of longer-term intrapartum antibiotics has been shown to increase the risk of atopic dermatitis in children by up to 28.9% at the age of two (143). Together, these studies identify the importance of both developmental and environmental factors in modulating the asthma risk profile in offspring and demonstrate additional mechanisms for the inheritance of non-genetically encoded factors that have a direct influence on the incidence of disease.



Metabolomics and Proteomics Profiling in Asthmatics

In-depth metabolomic and proteomic analyses of samples from asthma patients have been assessed in a broad range of tissues including blood, urine, solid tissue biopsies, exhaled breath condensate (EBC), bronchoalveolar lavage fluid (BALF), sputum, and stool, showing distinct differential associations of proteins and metabolites with disease states (Table 2: Significant targets resulting from Metabolic and Proteomic studies in Asthmatic Patients). At a high-level view, the associations observed to correlate with asthma reflect those of general stress response mechanisms and involve both immune and inflammatory functions (144, 145), with many of the biomarkers identified, reflecting diverse inflammatory pathologies, which can be used to stratify asthma phenotypes and endotypes (146).


Table 2 | Significant Targets Resulting from Metabolomic and Proteomic Studies of Samples Derived from Asthmatic Patients.



EBC is a very practical non-invasive method to collect samples, although it is still currently limited in the range of metabolites that can be detected. EBC methodology has been successfully applied, whereby differential metabolic profiles between healthy subjects and the severity of asthma subtypes could be readily distinguished (147–149). In comparison, proteomic analyses of asthmatic EBC and sputum show more fine-grained results, indicating alterations in the inflammatory state including levels of α1 antitrypsin, α2 macroglobulin, SERPINs, S100-family proteins, apolipoproteins, complement proteins, and Th2-related cytokines (150, 151). Whereas BALF and induced sputum samples have the potential to reflect the local pathophysiological state in a more direct and accurate manner, they are highly invasive and difficult to obtain. Interestingly, an analysis of a lipid repertoire present following metabolomic analysis of asthma patients noted that increases observed in asthmatic BALF samples were similar to those observed in the sputum and urine samples and mainly involved those lipids from glycerophospholipid and fatty acid metabolism associated pathways (152–154). Plasma metabolomics and proteomics patterns have also been used to indicate the presence of multiple and different asthma disease states within the broader population of asthmatic patients. Here, molecules involved in inflammation were found to include chaperone proteins, interferon response elements and leukocyte migration factors which were identified alongside those of allergy associated Th2 cytokines and were found to be differentially expressed between sub-phenotypes (155, 156). Additionally, studies focused on pediatric asthmatic populations have identified tryptophan, tyrosine, and biliary acids metabolism associated metabolites in the urine and plasma as markers that were predictive of the development and severity progression of the disease (157).

As such both protein and metabolite biomarkers are beginning to provide powerful new means to develop personalized diagnoses, treatments, and prognoses for asthma patients. Additionally, the use of these biomarkers should prove to be a highly useful tool for the accurate stratification of asthma endotypes/phenotypes when recruiting patients for GWAS. However, a better understanding of the impact and crosstalk between discovered biomarkers with the immune system is still needed not only to better define the variety of phenotype and endotypes associated with asthma, but also to evaluate the risk factors associated with developing asthma. Recently, the microbial metabolome has emerged as a new player that also requires consideration for both asthma predisposition and severity (158), with data indicating that microbial metabolites such as the short chain fatty acids butyrate (159) and propionate (160) are highly important for inducing the T regulatory subsets associated with homeostatic maintenance. Whereas other metabolites including 12,13-diHOME, may be responsible for induction of disease through induction of Th2 differentiation (2, 161) and recruitment of type 2 inflammatory cells including ILC2’s. Hence, future studies to form an in-depth understanding of the proteomic and metabolomic profiles present during pregnancy, stemming from both maternal and microbial sources, will be required to formally investigate how these factors may contribute to a pro-atopic state.



Current Application of Multiomics Analysis to Asthma Studies

While relatively few truly multiomics analyses of asthma have been generated to date, the breadth of data acquired so far in terms of epigenomic, genomic, metabolomic, microbiomic, proteomic and transcriptomic is quite staggering. This holds great promise for both application and incorporation of existing datasets for metanalytical studies and for use in complementing de novo studies. A recent methodology for utilization of omics data generated from multiple sources describes a promising pipeline for generating multiomics analyses from data collected in multiple studies, known as a Genome Wide Cross-Trait analysis Study (162). Here, multiple analyses including genetic correlation, cross-trait metanalysis, Mendelian randomization, PRS, and GWAS functional analysis are combined in an integrated manner to study genetic and functional effects on disease outcomes and associations. The application of this approach to data collected in the UK biobank, led to the identification of 38 genome-wide significant loci of which 7 were novel to the study and further analysis revealed that the shared loci were specifically enriched in immune/inflammatory systems and epithelial cells (163).

A similar strategy taken in Han et al. (19), began with the metanalysis of multiple GWAS datasets, analyzed enrichment of asthma associated loci at epigenetic markers, and incorporated EQTL data from GTEx Project and eQTLGen Consortium databases. This enabled the prioritization of loci for downstream verification, leading to the identification and functional validation of CD52 as a candidate causal gene for asthma and demonstrating the utility of integrating multiple omics datasets for target discovery. Additionally, multiomics approaches have been leveraged in order to better define asthmatic endotypes and to examine their longitudinal relation with asthma risk (164). Here, retroviral typing microbiome, cytokine, and metabolome data collected upon admission to hospital with bronchiolitis at <12 months of age were used in order to generate a model that identified biologically relevant bronchiolitis endotypes in infants who were at increased risk of developing asthma at 3 years of age.

Studies such as these highlight the importance and potential utility of applying multiomics based approaches to the study of asthma. However, significant difficulties still exist in comparing data generated on differing technologies due to both data heterogeneity and inherent biases in the systems used to generate these datasets. With the continued development of new methods and tools for bioinformatics analysis, including machine learning and deep learning techniques, these will undoubtedly help to ease the bottlenecks associated with the integration of high dimensional data generated from multiple sources in multiple modalities (165, 166).



Conclusion

The application of large-scale genome-wide association studies (GWAS) in asthma and atopic diseases over the last decade has led to the determination of a large number of gene variants linked to these conditions. Despite the power of genetic studies, the variants identified generally have small odds ratios and have only been able to partially explain the predicted heritability associated with the transfer of disease to the next generation. The rapid rise in the rates of these conditions over the past 50 years indicates that alterations in gene-environment and gene-developmental factors play a substantial role in the onset of disease, with multiple studies indicating that the identification of modifiable risk factors can exert a significant impact on the incidence of asthma. Furthermore, the observation that maternal incidence of asthma is significantly more predictive of childhood disease can now in part be explained by studies demonstrating that the transfer of immune factors during pre- and post-natal conditioning play a significant role in setting disease susceptibility thresholds. As the immune system first encounters the external environment and adapts to the subsequent colonization of the body by the microbiome, maternal factors play a key role during this time of life that is uniquely sensitive in terms of establishing a set point for a pro-atopic state. Future studies aimed at the integration of genomic risk factors via PRS in combination with multiomics analysis of cellular, epigenetic, and microbiome-influenced conditioning will allow the development of more accurate models, for both the prediction of disease, as well as for the application of targeted approaches aimed at reducing the disease prevalence.
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