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GENERAL INTRODUCTION

Allergic respiratory disease
Allergic respiratory diseases, including asthma and rhinitis, are among the most 
common chronic diseases in children. The prevalence keeps increasing with the 
progress of industrialization, leading to a significant impact on the quality of life 
and a considerable burden on health care systems1,2. Allergic respiratory disease is 
characterized by an immune response triggered by allergens, such as pollen, house 
dust mite and pets, leading to the production of allergen-specific immunoglobulin 
E (IgE)3.

Asthma is a chronic inflammatory airway disorder. The current definition of asthma 
according to the Global Initiative for Asthma (GINA) guidelines describes asthma 
as “respiratory symptoms such as wheeze, shortness of breath, chest tightness and 
cough that vary over time and in intensity, together with variable expiratory airflow 
limitation”. Over 300 million people worldwide suffer from asthma but there is still 
no cure for this disease. There is no gold standard for diagnosis of asthma by now, 
and accurate diagnosis in children is even more difficult4. Although asthma is not 
curable, asthma symptom can be controlled by anti-inflammatory treatment, such 
as inhaled corticosteroids4. Besides, some patients may experience spontaneous 
cessation of asthma symptom, which is called asthma remission.

Rhinitis is an inflammatory disorder of nasal mucosa, characterised by nasal 
symptoms that include sneezing, itching, and nasal blockage or congestion5. 
Rhinitis affects up to 40% of the general population in industrialized countries, with 
an average prevalence of 8-15% in children6. Allergic rhinitis can be both seasonal 
or perennial according to duration of the symptom and types of allergens6. Allergic 
rhinitis may seriously affect quality of life, and is closely related to other respiratory 
inflammatory diseases such as asthma5.

Rhinitis and asthma often coexist in the same patient, which is called comorbidity. 
It was reported that up to 80% asthmatics have rhinitis and around 20% patients 
with rhinitis have asthma symptoms7. The comorbidity suggests the shared immune‐
pathogenic mechanism between asthma and rhinitis and the interaction between 
upper and lower airway, thus the concept of “united airways disease” was put 
forward8,9. However, understanding of the molecular mechanism of this comorbidity 
is still limited. More studies are needed to get a better understanding of comorbidity 
of allergic disease that may help to improve the prediction and care of these diseases 
in children10.

It should be noted that, eczema or atopic dermatitis, a common inflammatory 
disorder of skin, is also a comorbidity of allergic respiratory disease. Eczema was 
associated with increased risk of asthma and rhinitis, especially in severe and early-
onset eczema patients11. In children with eczema, the 1-year prevalence of asthma 
and rhinitis was 19.8% and 34.4% respectively according to US population-based 
studies12. “Atopic march” was introduced to describe the evolution from eczema to 
asthma and rhinitis through childhood, however, the theory is still controversial13. 
Higher risk of atopic march is usually associated with early onset of disease, poly-
sensitization, atopic parents as well as persistence and severity of disease14.

IgE is an important mediator in allergic disease that may explain part of the 
comorbidity10. IgE is one of immunoglobulins and is defined by the presence of the 
epsilon heavy chain. Binding of the antigen to IgE on the cells leads to immediate 
release of mediators, including histamine, serotonin, leukotrienes and others. 
Specific IgE levels in serum, or skin prick tests, are generally utilized to confirm 
sensitization to an allergen to support the diagnosis of allergic disease in addition 
to allergy history15. Previous evidence showed that allergic comorbidity was 
more common in children with IgE sensitization, and was associated with poly-
sensitization (sensitization to several allergens) especially16–18. However, IgE 
sensitization only accounts for 38% of comorbidity of allergic disease according to 
the Mechanisms of the Development of Allergy (MeDALL) study10, suggesting that 
specific IgE is not the only causal mechanism of comorbidity of allergic disease. 
More studies of non-IgE-mediated mechanisms of comorbidity of allergic disease 
are still needed.

Although allergen specific IgE is commonly used to assist in the diagnosis of allergic 
disease, IgE sensitization to a specific allergen does not necessarily mean having 
allergic symptoms, which is called asymptomatic sensitization19. Asymptomatic 
subjects and patients with allergy may differ in total serum IgE levels, mono- or 
poly-sensitization, expression of Treg cells, and basophil reactivity, however, 
effective biomarkers are still needed to be found and tested20, which is helpful for 
better diagnosis of allergic disease especially in early childhood, and to provide 
insights into the biological mechanisms of disease development that may helpful 
for future treatment.

Risk factors of allergic respiratory disease
Allergic respiratory diseases are complex diseases resulting from interactions 
between genetic and environmental factors. The first study about the heritability 
of allergic disease identified that sensitized individuals are more likely to have a 
family history of sensitization to allergens, and later, “atopy” was used to represent 
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“inherited hypersensitivity”21. The heritability of allergic disease was estimated 
between 50% and 84% by twin studies21. For asthma and allergic rhinitis, the 
heritability was varying between 35% and 95% (asthma), and 33% and 91% (allergic 
rhinitis)22.

Genome-wide association analysis (GWAS) has been widely used to identify genetic 
risk variants of complex diseases, which accessed the association between disease 
and single nucleotide polymorphisms (SNPs) over the whole genome. Many GWASs 
have been performed in asthma, rhinitis and IgE sensitization previously21,23. A 
recent GWAS of allergic disease (asthma, allergic rhinitis and eczema) showed the 
shared genetic origin of these diseases24. In this study, 136 independent genetic risk 
variants were identified to be associated with asthma and/or allergic rhinitis and/
or eczema, while only six variants were specific to one single disease, which helped 
to understand the genetic origins of the comorbidity of these diseases. Importantly, 
these genetic variants may regulate the expression of immune-related genes and 
influence lymphocyte-mediated immunity.

The increase in the prevalence of allergic disease in past decades suggests that 
the environmental exposures are important in the development of allergic disease. 
The hygiene hypothesis was put forward to describe that infection or microbial 
exposures in early life is associated with a decreased risk of allergic disease25. 
Environmental exposures, such as having more siblings, or being raised at a 
farm during early life were inversely associated with the development of allergic 
disease of the children. Some evidence showed that maternal smoking, maternal 
obesity and caesarean section was associated with increased risk of allergic 
disease of children26–31, while maternal intake of Vitamin D has a protective effect 
on allergic disease of offspring32,33. Apart from prenatal exposures, other early life 
environmental exposures, including second hand smoking, air pollution, early life 
viral respiratory infection (e.g. Respiratory syncytial virus (RSV)), environmental 
allergens (e.g. house dust mite) were risk factors for allergic disease of children, 
while breastfeeding may have protective effect27,34–37. Besides, exposure to pets 
may be both a risk and protective factor for allergic disease in children according to 
different studies27.

Immune mechanisms in asthma and rhinitis
Allergic respiratory diseases including asthma and rhinitis are characterized by 
airway allergic inflammation in response to allergens, which is related to a type-
2 immune response. In allergic patients, allergens were captured and processed 
by dendritic cells (DCs) in the airway epithelium and passed to naïve T cells, 
followed by the differentiation to T-helper 2 (Th2) cells, and production of type 2 

cytokines including IL-4, IL-5, IL-9, and IL-13. These cytokines play important roles 
in activating B cells to produce IgE, recruiting eosinophils, disturbing tight junction 
barrier and inducing mucus production, that contribute to allergic inflammation 
(Figure 1) 38,39. A set of effector lymphocytes, type 2 innate lymphoid cells (ILC2), 
which can be activated by epithelium-derived cytokines, including TSLP, IL-25 and 
IL-33, also contribute to allergic inflammation in airway epithelium by producing 
type 2 cytokines 38,40.

Airway epithelium is the first barrier to protect the host from the harmful 
environmental stimuli such as allergens. In the airway, the immune cells only take 
a small proportion of all cell types and the majority of the cells are epithelial cells, 
mainly including ciliated cells, basal cells and secretory cells. The airway epithelial 
cells not only have the function of physical barrier and mucociliary clearance, but 
also participate in innate immune defense and the initiation of a type 2 immune 
responses41,42. It was reported that in asthmatic airways, higher proportion of 
secretory cells, and lower proportion of ciliated cells were identified comparing 
to healthy airways and the cell-cell interaction analyses identified the shift from 
airway structural cell interactions in healthy subjects to Th2-cells interacting with 
structural and inflammatory cells in asthmatics43. 

Multi-omics in allergic respiratory disease
Regulations of multiple molecules are involved in the development of a complex 
disease. High-throughput techniques enabled the generation of large-scale data of 
different molecular layers, such as DNA, RNA, protein and metabolites, collectively 
called ‘Omics’. Several omics fields have been extensively studied in recent years: 
genomics (DNA level, variants of genes), transcriptomics (RNA level, the expression 
level of genes), epigenetics (modification of DNA or DNA-associated proteins that 
relate to gene expression), proteomics (proteins), metabolomics (metabolites), 
microbiomics (microorganisms) and exposomics (environmental exposures) 
(Figure 2)44. Besides, the genome, epigenome, transcriptome or proteome profiling 
can be measured at single cell level, for example, single-cell RNAseq have been 
applied to medical researches to assess the cell compositions and cell-type specific 
gene expression related to disease status. Thereby, multi-omics studies at single 
cell level become possible, and will enable a more detailed exploration of disease 
mechanism at cellular resolution.
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Figure 1. Simplified overview of allergic immune response in the airway. DC: dendritic cells, EOS: 
eosinophils, ILC2: type 2 innate lymphoid cells, Th2: T helper type 2 cells, TSLP: thymic stromal 
lymphopoietin. The allergens are captured and processed by dendritic cells, and are presented to 
naïve CD4+ T cells, which will differentiate to Th2 cells and produce type 2 cytokines including IL-4, 
IL-5, IL-9, and IL-13. Cytokines IL-4 and IL-13 can activate B cells to produce IgE. IL-9 induces mucus 
production, while IL-13 and eosinophil products can induce barrier damages. ILC2 can be active by 
the epithelium-derived cytokines, TSLP, IL-25, and IL-33, and contributes to allergic inflammation by 
type 2 cytokine production.

Studies of each type of omics data typically assess the differences between the 
cases with disease and unaffected controls. However, these molecules often work 
together in a certain biological network that is involved in the development of a 
disease. Therefore, the association analysis of single omics data only provides 
limited information of one data layer. To improve our understanding, integrative 
multi-omics approaches are now used to investigate the complex molecular 
regulation in disease development, providing powerful tools to identify mechanism 
and biomarkers of disease, to propose disease endotypes (a subtype of a condition 
defined by a distinct pathophysiological mechanism45) and to generate precise tools 
for disease diagnosis or prediction46.

Figure 2. Omics data commonly used in human medical research. Genomics focuses on genetic 
variants; Epigenomics assesses the modification of DNA or DNA-associated proteins, such as DNA 
methylation and histone modification; transcriptomics assesses genome-wide RNA level; proteomics 
measures the abundance, modification and interaction of peptide; metabolomics measures multiple 
small molecule types; Microbiomics investigates microorganisms including bacteria, viruses and 
fungi. Exposomics includes multiple environmental exposures such as air pollution, smoking 
behaviour, pets and diet. 

Various approaches can be applied for data integration, among which correlation 
or association analysis is most commonly used47. Simple correlation analysis can be 
used to combine information from two omics-layers, for example, the expression/ 
methylation/ protein quantitative trait loci (eQTL/ MeQTL/ pQTL) analyses that 
associated genetic variants with transcriptomic/ epigenetic/ proteomic data, 
respectively. Moreover, expression quantitative trait methylation (eQTM) can relate 
gene expression to DNA methylation. However, the latter analysis is still limited to 
correlations rather than causality. To assess causality, further analyses including 
causal inference48 and Mendelian Randomisation (MR)49 can be applied. Apart 
from pairwise correlations, multi-omics data can also be modelled as networks, to 
investigate the interactions among different molecules that are involved in disease 
development47.

In the fields of allergic respiratory disease, important insights were gained by single 
omics approaches, and multi-omics integration is starting to provide a better view 
of the molecular mechanisms of allergic respiratory disease. A common application 
of multi-omics approach is to better interpret results from single-omics analysis. 
These studies usually start with the results from association analysis of disease with 
one omics layer (e.g. genome-wide association study (GWAS)), and then integrate 



1716

Chapter 1 Introduction

1
with other omics layer to investigate the effect of disease gene variants. For example, 
eQTL mapping has been widely used to investigate the regulation of genetic risk 
variants on gene expression in allergic disease50–53. Some studies applied network-
based approaches to identify biological networks of different molecules that involve 
in disease development, for example, Kelly et al. combined genetic and metabolomic 
data using network analysis and identified the potential regulatory relationships 
among an asthma gene (ORMDL3), lipid metabolism and lung function in asthmatic 
children54. Some other studies applied multi-omics approaches to define disease 
subgroup.  This was, for example, shown in the U-BIOPRED study which identified 
differential molecular profiles among asthma sub-phenotypes defined by clinical 
features, by integrating sputum transcriptomics and proteomics data55. 

The outbreak of novel coronavirus disease, COVID-19, has become a global pandemic 
and caused over a million deaths worldwide. The high mortality is primarily due to 
complications from SARS-CoV-2-associated acute respiratory distress syndrome 
(ARDS)56. Efforts have been paid by researchers worldwide rapidly to investigate 
the mechanism of the disease, with several recent studies applied (multi-)omics 
approaches. For example, a single-cell meta-analysis identified cell-type-specific 
associations of age, sex and smoking with expression levels of SARS-CoV-2 entry 
genes in the nose, airways and alveoli57. A study integrated multi-omics data 
from plasma and PBMC, identified a sharp difference of plasma metabolites and 
proportions of immune cells between mild and moderate COVID-19 patients, which 
revealed complex immune response of the disease and might provide insights for 
future therapeutic intervention58. These researches help to address the knowledge 
gap on COVID19 and play an important role in winning the battle with the disease.

In the future, the multi-omics approaches may have great potential to better 
understand the mechanism of disease, to identify reliable and effective biomarkers 
for allergic disease and allergy endotypes, to predict risk of disease and response 
to treatment, and thus to improve the diagnosis and treatment of allergic disease in 
clinical practice.

Aim and outline of the thesis

The major aim of this thesis is to understand the mechanism of the development of 
respiratory disease, mainly including allergic (respiratory) disease and respiratory 
infection, using multi-omics approaches (Figure 3). In Section 1 (Chapter 1 and 
2), we review the allergic respiratory diseases, in particular the epigenetics of 
childhood asthma. In Section 2 (Chapter 3, 4 and 5), we start from epigenetics to 

understand the role of DNA methylation in the development of allergic respiratory 
disease, and integrate with other omics data including (single-cell) transcriptomics 
and environmental exposures to interpret the biological function of the epigenetic 
markers. In Section 3 (Chapter 6, 7 and 8), we apply multi-omics approaches to 
understand the molecular mechanism of respiratory disease by integrating data of 
genetic variants, bulk and single cell transcriptomics and epigenetics from different 
tissues. 

Allergic
Respiratory
Disease

Asthma
Allergic
Rhinitis

Environment

Genetics

Mechanism?

Genome

DNA Methylation
Gene

mRNA

Environmental
Risk Factors

Transcriptomics

Epigenomics

Genomics

Figure 3. Multi-omics approaches help to investigate molecular mechanism of allergic respiratory 
disease.

In Chapter 2, we summarize epigenetic studies of childhood asthma in recent 
years, mainly focus on DNA methylation studies. Epigenetic markers in blood, and 
especially in eosinophils and nasal epithelial cells have been strongly associated 
with childhood asthma, and may be used as a biomarker of asthma. Epigenetic 
markers are considered as a link between genetic risk factors and environmental 
exposures, however, the causal relationships between epigenetic markers and 
disease, and between environmental exposures and epigenetic changes are still 
unclear.

In Chapter 3, we identify DNA methylation signatures in nasal epithelium that 
were associated with the presence of atopy (positive IgE sensitization) and atopic 
asthma by epigenome-wide association studies (EWAS) and use these to generate 
classification panels of atopy and atopic asthma.
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In Chapter 4, we aim to identify and interpret nasal DNA methylation signatures 
associated with asthma and rhinitis in children. Taking the shared mechanism of 
asthma and rhinitis into consideration, we use a combined phenotype of asthma and/
or rhinitis. Then we try to understand biological functions of these DNA methylation 
signatures by associations with gene expression, environmental exposures (e.g. 
pets and second-hand smoking) and cell types assessed by single-cell RNA-
sequencing.

In Chapter 5, we aim to understand the epigenetic mechanism of asthma remission. 
Asthma is not curable but some patients may experience spontaneous remission. 
We compare the DNA methylation signatures in whole blood and nasal epithelium 
of subjects with clinical remission/ complete remission to asthma patients in a 
longitudinal cohort.

In Chapter 6, we aim to build a prediction model of allergic disease using multi-
omics approaches that may aid the diagnosis of allergic disease in the future. We 
combine data from multi layers including genetic variants, early life environmental 
exposures, blood and nasal epigenetic markers, as well as age and gender. We firstly 
investigate the contribution of each data layer to the model performance, and based 
on the results, we build a simple model to predict the presence of allergic disease 
and replicated the model in both adolescent and young children cohorts. Moreover, 
we interpret these predictors in light of the difference between asymptomatic and 
symptomatic sensitization, as well as allergic multi-morbidity. 

In Chapter 7, we try to deconvolute the cell-type specific regulation of asthma-
associated genetic variants on gene expression in airway epithelium by integrating 
genetic variants, bulk and single-cell RNA-Seq data. We firstly estimate the 
proportions of cell subpopulations of bronchial biopsy using marker genes identified 
in a single-cell RNA-Seq dataset of bronchial biopsy. Then we investigate the cell-
type cis-eQTLs of asthma-associated variants for three main epithelial cell types 
(ciliated cells, basal cells and secretory cells).

In Chapter 8, we try to contribute to the understanding of the molecular mechanism 
of the rapidly spreading disease COVID-19. We assessed the expression patterns 
of genes required for SARS-CoV-2 entry into cells, and their regulation by genetic, 
epigenetic and environmental factors, throughout the respiratory tract using 
samples collected from the upper (nasal) and lower airways (bronchi).

Finally, in Chapter 9, we discuss the findings from this thesis in a broader context 
and propose future directions of the field of multi-omics approaches in the research 
of respiratory disease.
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