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PREFACE  

This thesis is based on a collaboration between the Copenhagen Prospective Studies on 
Asthma at Copenhagen University Hospital Gentofte and the Technical University of Denmark 
from Dec 2015 to April 2019. The immunological data used in this thesis was generated by 
Susanne Brix Pedersen’s group at PSB-Disease Systems Immunology based on biological 
samples from COPSAC2000 cohort prior to initiation of this thesis work.  
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SUMMARY  

The prevalence of non-communicable diseases (NCDs) such as diabetes, asthma and mental 
disorders have been rising worldwide during the last decades. Those NCDs are suggested to 
be based on a common reason, as they can all be explained as the “altered reactivity” of the 
human body to the mismatched total modern environment. Among all forms of NCDs, 
childhood atopic diseases including asthma, allergic rhinitis and food allergy have attracted a 
lot of attention and have been extensively studied as they manifest during early life and may 
serve as an indicator of the altered immune system and forerunner of other forms of NCDs. 

This PhD study aimed to investigate potential early life immune mechanisms underlying the 
development of asthma and other forms of allergic disorders. We hypothesized that a 
deregulated immune response to specific microorganisms in early life may result in inefficient 
removal of these infectious agents and subsequently result in exaggerated immune activity, 
in continuous or recurrent infections, and in development of asthma or allergic sensitization.  

The hypothesis was studied by using data based on ex vivo stimulated cytokine release from 
peripheral blood mononuclear samples collected at 6-month-of age from children followed 
consecutively from birth to school age for collection of environmental exposure and clinical 
data. Immune response data were based on stimulation of immune cells with whole airway 
bacteria or pathogen associated components activating different adaptive or innate immune 
responses.  

From examining cytokine production in response to three selected airway bacteria, we 
identified a reduced IL-2 production to link with increased levels of total IgE at the age of 6 
years. Moreover, we also found that reduced IL-2 in combination with elevated IL-5 associated 
with increased risk of allergic rhinitis at the age of 7 years. These results provided evidence to 
support an association between a deregulated immune response against certain bacteria in 
early life and later allergic sensitization. 

We also identified an IL-23-biased innate immune response against viral and bacterial derived 
nucleic acids to underline the association between asthma risk SNPs and childhood asthma. 
This result suggested that the link between the 17q21 asthma risk and asthma development 
is partly mediated via a deficient innate immune response to intracellular pathogens in early 
life. This result did not only provide evidence to support the hypothesis about deregulated 
innate immune function, but also pointed to a mechanism for how the 17q21 locus variants 
may increase the risk of developing childhood asthma.  

Altogether, we here provide evidence for two different deregulated immune mechanisms in 
infants which couple pathogenic colonization in the airways in early life to later asthma 
development or allergic sensitization at school age.  
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1 INTRODUCTION 

This PhD thesis is based on data from COPSAC2000 which is an ongoing selected high risk 
birth cohort study of 411 children enrolled at age 1 month and born to mothers with active or 
previous doctor-diagnosed asthma in the Copenhagen metropolitan area during the period 
1998-2001. This cohort study was designed to elucidate the effect of genetic and 
environmental interactions on the development of asthma, and other allergic disorders in these 
predisposed children, hoping to find preventive strategies before disease development.  

One of the most influential findings from COPSAC2000 is the identification of three bacteria 
strains as a risk factor for childhood asthma. Colonization of the upper airways 
(hypopharyngeal region) with any of the three bacterial strains (H. influenzae, M. catarrhalis, 
and S. pneumoniae) at one month of age increased the risk of asthma at age 5 years.1 
Subsequently, aberrant immune responses from 6 month PBMC against these bacteria were 
identified to associate with increased risk of asthma at 7 years2 as well as the number of lower 
respiratory infections during the first 3 years of life.3  

To elaborate the previous findings, in paper I, we went on to examine the association of the 
immune profile in response to the three airway bacteria and other types of allergic disorders 
(allergic rhinitis, allergic sensitization and total IgE level) during the first 7 years of life. In paper 
I, we also paid special attention to early production of IL-2 in relation to allergic disorders, as 
studies suggest for an important role of IL-2 in inhibition of allergic disorders. 

Several associations between asthma risk SNPs and asthma have been recognized, but the 
underlying mechanisms are still uncovered. In paper II, we therefore aimed to conduct a 
mediation analysis to examine if certain early innate immune profiles could mediate the effect 
of asthma risk SNPs on development of asthma.  

In the next section, I will introduce common background knowledge for both paper I and paper 
II, including the relevant information about immune responses, urgency and importance of 
studying the underlying mechanisms of asthma, as well as the risk factors of asthma and 
potential mechanisms.   
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2 BACKGROUND 
The prevalence of non-communicable diseases (NCDs) have been spiking during the past 
decades. These NCDs are not isolated but share a common feature, the chronic low-grade 
inflammation.4,5  Hence, it is suggested that different forms of NCDs may be driven by a 
common etiology.6,7,8 One potential non-genetic associated reason is the alteration in the 
environmental and human gut microbiota.9,10,11,12,13 The composition of gut microbiota has 
been suggested to contribute to NCDs through multiple ways, including immunologic, 
metabolic and physiologic pathways.9,14  It was advocated that different forms of NCDs can all 
be explained as the “altered reactivity” of the total organism (the human body) to the 
mismatched total modern environment (the environment and life style).6 Much effort has been 
given for studying allergy (asthma, allergic rhinitis, allergic dermatitis, and food allergy), as it 
manifests during early life and may serve as an indicator of the altered immune system and 
forerunner of other forms of NCDs.4 

Like other chronic diseases, allergy also has a genetic component.15 Many candidate risk loci 
for allergic disorders, including asthma,16,17,18,19,20,21,22 atopic dermatitis,23,24 total serum 
IgE,25,26 eosinophil count,27 and lung function,28–30 have been identified by genome-wide 
association studies (GWASs). However, those encoded susceptibilities cannot explain the 
spike prevalence in allergic disorders in western societies and the global disparity, because 
genetic variants accumulate at a slower speed than the rise. Instead, environmental exposures 
are suggested to be the key player in such changes.7,31,6,4 Environment exposures may imprint 
the susceptible individuals with epigenetic modifications,6,32,33 regulating gene expression 
patterns by enhancing or silencing gene expression through various ways including DNA 
methylation,34–38 histone modifications,39–41 chromatin remodeling,42 non-coding RNA43–47 and 
RNA modification.48,49  

Environmental exposures encountered both inside the womb and during early life are critical 
for later disease development.6,50 Such identified environmental exposures include delivery 
mode (cesarean section),51,52 exposure to antibiotics34–36and tobacco smoking,56–58 older 
siblings,59–62 dog or cat ownership,63,64 living in farms,65–67 and airway colonization of specific 
viruses 68–77 and bacteria.78  Experiments with mouse models suggest that the decisive role of 
microbe exposure in immune development is only effective during early life.79–81 Hence, the 
time-sensitive interaction between genetic components and environmental exposures during 
early life imprint and shape the immune system and subsequently lead to the development of 
disease.  

The immune response of the prospective allergic children diverges from that of the controls in 
infancy, with selected evidence listed below. First, a deficient Treg response to microbial 
ligands in cord blood have been identified for children who later developed eczema.82 Second, 
prospective asthmatic children showed an aberrant immune response to pathogenic airway 
bacteria in infancy.83 Third, children who developed allergic disorders later had attenuated 
IFN-γ response in response to allergen and mitogen.84 Fourth, allergic children normally have 
a distinct developmental trajectory of immune functions characterized by slower maturation of 
Th1 function. 85  

Given the divergent immune responses imprinted in early life and higher susceptibility to 
specific viruses (respiratory syncytial virus (RSV), human rhinovirus (HRV), influenza A) and 
certain bacteria (Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella 
catarrhalis),49-59 one possible mechanism underpinning allergic diseases has been proposed. 
It is proposed that the abnormal immune response is the common root contributing to the 
susceptibility of viral/bacterial infections and allergic diseases including asthma. 86,87 ,83,84,88  
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The increasing incidence of allergy is thus suggested to be the result of a complex and 
dynamic interaction between genetics and environmental exposures rooted at an early age. 
One possible etiology for such association might be dysregulated immune pathways shaped 
by the early environmental exposures through epigenetic modifications in predisposed 
children. Such dysregulated immune pathways seem not to mount the correct immune 
response to efficiently contain and clear off the invading pathogen, thus giving rise to 
prolonged and recurrent infections, which gradually leads to development of asthma. Many 
environmental exposures, which positively associate with asthma have been identified, and 
the search for risk factors are still on going.  

By fully acknowledging the critical impact of early exposures and genetics on later diseases 
and the development of the immune system, this thesis work aimed to characterize the early 
cytokine profiles of children who will have allergic disorders and asthma 7 years later, from 
the perspective of both the innate and adaptive immune response.  

In the background, I will briefly introduce the general immune responses, followed by the 
clinical endpoints included in the thesis and the reason why they are chosen, and conclude 
the introduction with identified risk factors and possible mechanisms by which they modulate 
the immune system. 

2.1 THE MAJOR CELLULAR COMPONENTS IN THE IMMUNE SYSTEM  

The immune system helps us to combat the invading microbes when the first barriers such as 
the skin and mucosal surfaces are crossed. A functioning immune system comprises two 
interacting systems, the innate and the adaptive immune system. Innate immune cells are 
responsible for launching the first wave of immune attack by recognizing the common 
structures of those microbes or intrinsic danger signals and sending out immune mediators to 
train and recruit the adaptive immune cells to join the battle, which can target the invaders by 
recognizing specific antigens associated with the microbes.  

To be more specific, in the battle against microbes, a range of innate immune cells such as 
macrophages, dendritic cells (DCs) and non-immune cells such as epithelial cells are activated 
in response to the encountered microbes by recognizing the conserved structures on the 
microbes (Pathogen Associated Molecular Patterns (PAMPs)) based on germ-line encoded 
pattern recognition receptors (PRR).89 After recognition, DCs internalize the pathogen and 
migrate to the lymph node, where it subsequently presents antigen derived from the pathogen 
to naïve antigen-specific T cells. During the antigen presenting process, naïve Th cells are 
instructed to differentiate into specific lineages (Th1, Th2, Th17, Treg) through signals from 
co-stimulatory molecules and cytokines from the DCs.89 Hence the PRR signaling pathways 
in DCs are the bridge between innate immunity and adaptive immunity, and it plays a critical 
role in deciding the type of immune responses elicited towards the invading microbes.  

In the following part, PRRs and their associated signaling pathways in the innate immune cells 
and the cytokine environment required for T cell lineage commitment will be briefly introduced, 
with a focus on the PRRs pathways included in my PhD study.  

2.1.1 Innate immune response – innate signaling pathways 

As mentioned above, the innate immune system recognizes the invariant structures of 
invading microbes (i.e. the PAMPs) by genetically encoded receptors (the PRRs) expressed 
by innate immune cells. The innate immune cells include monocytes, dendritic cells (DC), 
tissue-resident macrophages (MØ), neutrophils, basophils, eosinophils, mast cells, γδ T cells, 
and innate lymphoid cells (ILCs).90 ILCs resembles innate-like T cells in many aspects 
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although without T cell receptors (TCR), and produce a large amount of cytokines, similar in 
type to the T cell cytokines, in the initial stage of an immune response. ILCs can be classified 
into cytotoxic and helper lineages, in analogy to T cells. The cytotoxic lineage of ILCs is natural 
killer cells (NK), representing the cytotoxic T cell (Tc). Three subtypes of ILCs (ILC1, ILC2, 
ILC3) are the helper lineage and represent Th1, Th2, and Th17 correspondingly.91  

The innate immune cells recognize and bind invading pathogens through their PRRs and ignite 
immune response by initiating different signaling pathways, resulting in secretion of various 
immune mediators. The PRRs exist in three different forms: secreted, membrane-bound and 
cytosolic form.  

Since my project mainly focused on examining cytokines related to the signaling pathways 
initiated by membrane-bound PRRs, I will put an emphasis on them and only briefly introduce 
the other forms of PRRs.  

2.1.1.1  Secreted PRRs 

The secreted PRRs such as collectins, ficolins, and pentraxins tackle pathogen mainly through 
activation of the complement pathway, and by facilitating phagocytosis by neutrophils and 
macrophages via pathogen opsonization. 92 

2.1.1.2  Cytosolic PRRs 

Cytosolic PRRs consist of two distinct receptor families, the retinoic acid inducible gene I like 
receptors (RLRs) and the nucleotide-binding domain and leucine-rich repeat containing 
receptors (NLRs). RLRs recognize viral RNA/DNA and are expressed in most cells.92 RLRs 
are sensors of viral infection, and distinguish the non-self RNA through the modified 5’ 
triphosphate end uniquely found in most viral RNA.93,94 NLRs are a big family which contain 
about 22 identified receptors in humans, including NOD1, NOD2 and NLRP3.92 NLRP3 is of 
specific interest because of its genetic variations and activation associated with many 
diseases including metabolic disorders and asthma.95,96  Once activated, NLRP3 becomes 
part of the inflammasome together with apoptosis-associated speck-like protein containing a 
CARD (ASC) and activated caspase-1 with subsequent production of IL-1β and IL-18 from 
their inactive pro-forms. NLRP3 detects various molecules such as aluminum crystals, 
crystalline cholesterol as well as endogenous danger signals such as extracellular ATP, 97 and 
always works in concert with another activating pathway, e.g. Toll-like receptor 4 (TLR4) 
stimulated by lipopolysaccharide (LPS), as used in the current study setup.    

2.1.1.3  Membrane-bound PRRs 

The membrane-bound PRRs mainly include Toll like receptors (TLR) family and can be found 
on both plasma membrane and endosomal/lysosomal organelles.92,98 The expression of TLRs 
are cell type-specific, and are primarily expressed in innate immune cells. Currently, 13 
mammalian TLRs are known. TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10, all expressed on 
the plasma membrane, are also known as cell-surface TLRs. They are mainly responsible for 
recognition of structural bacterial molecules, such as LPS from gram-negative bacteria, 
flagellin from motile bacteria and lipoprotein from bacterial cell walls, each recognized by TLR4, 
TLR5 and TLR2/TLR1 or TLR2/TLR6, respectively.  

TLR3, TLR7, TLR8, TLR9, TLR11, TLR12 and TLR13 are expressed on the membrane of 
endosomal/lysosomal organelles in phagocytic cells and are known as intracellular TLRs. 
They primarily recognize nucleic acid (DNA and RNA) from viruses and bacteria. For example, 
TLR3 and TLR7 recognizes double-stranded RNA (dsRNA)99,100 and single-stranded RNA 
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(ssRNA), respectively, both derived from the viral infection.101,102 TLR9 detects unmethylated 
DNA with a CpG motif normally found in bacteria.103 

The TLRs of highest relevance for this thesis are TLR4, TLR3, TLR7, and TLR9. These TLRs 
are expressed by various immune cells, including dendritic cells, macrophages, monocytes, B 
cells, T cells, and NK cells as well as non-immune cells such as epithelial cells and fibroblasts, 
in a cell type-specific expression pattern. Upon activation by their ligands (TLR4 ligand LPS, 
TLR9 ligand CpG DNA, TLR3 ligand polyriboinosinic:polyribocytidylic acid (poly I:C) and TLR7 
ligand R848), these TLRs induce significant production of type I IFN and IL-12p70 and mediate 
Th1 responses.104–112 Despite the seemingly converging cytokine response following 
activation by different ligands, differences between particular TLR pathways still exist due to 
specific combinations of various downstream adaptors and subsequently activation of specific 
transcription factors.  

The signaling pathway of TLR3 is TRIF-dependent, which can be activated by the agonist 
poly(I:C). Engagement of TLR3 with dsRNA or poly(I:C) leads to the induction of pro-
inflammatory cytokines, chemokines, and type I and III IFNs through NF-κB and IRF3 
activation.113–118 The expression of TLR3 was identified in fibroblasts, epithelial cells, 
macrophages and conventional DCs (cDCs) with different subcellular localization which lead 
to the production of different cytokines. 119–121 Both cell surface and intracellular expression of 
TLR3 were found in fibroblasts and epithelial cells, while in cDCs and macrophages, TLR3 is 
primarily identified in intracellular compartments. Different from TLR3 which is expressed in 
cDCs, TLR7 and TLR9 are primarily expressed in plasmacytoid dendritic cells (pDCs) and act 
as the major source of type I IFN in response to viral infection.122 Besides pDCs, TLR7 is also 
detected in B cells, macrophages and monocytes.123–128 TLR7 senses ssRNA and is 
expressed in intracellular compartments. Stimulation of TLR7 by ssRNA or R848 initiates the 
secretion of type I and III IFNs and other proinflammatory cytokines mediated by IRF7 and 
NF-κB in a MyD88 dependent manner. 129–131 As mentioned above, TLR9 and TLR7 are co-
expressed at a very high level in pDCs, responsible for rigorous IFN production. Similarly as 
TLR7, TLR9 is also detected in other cell types, such as B cells, macrophages, mDCs and 
cDCs.123–125,128 TLR9 recognizes unmethylated DNA and the ligand CpG, and the TLR9 
signaling pathway is also MyD88 dependent. The activation of TLR9 by unmethylated DNA or 
CpG ligand results in the secretion of IFN mediated by IRF7 or production of TNF-α, IL-6 and 
IL-12 mediated by NF-κB, in a cell type dependent manner. For example, TLR9 activation in 
pDCs mainly produces IFN.128,132  

2.1.1.4  Other receptors  

Besides the aforementioned innate immune cells, an unconventional T cell subset, i.e, the γδ 
T cell, is also included in my study. The γδ T cells express γδ T cell receptors and is considered 
as an innate-like T cell subset. About 2-10% of T cells in peripheral blood are identified to be 
γδ T cells.133 Vγ9Vδ2 T is the major γδ T cell subset found in the periphery and responds to a 
wide range of microbial-derived ligands, such as metabolites released by microbial infected 
antigen presenting cells (APCs) including bacterial 4-hydroxy-3-dimethylallyl pyrophosphate 
(HDMAPP).134 They can eliminate pathogens by secreting a large amount of pro-inflammatory 
cytokines such as TNF-α and IFN-γ as well as antimicrobial compounds.134 In addition to 
secreting cytokines, γδ T cells also provide help to B cells in antibody production,135 promote 
the maturation of DCs,136–139 participate macrophage recruitment,140,141 presenting antigen to 
Th cells,142 as well as supporting the integrity of epidermis.143,144  

The cytokine production profile may be changed in patients with allergic disorders, for example, 
IL-4 produced by γδ T cells in bronchoalveolar lavage fluid of allergic asthmatic patients was 
previously identified.145,146   
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As we discussed before, early exposure can imprint the immune system and may drive the 
development of later disease. The effects of such imprinting on the immune system may be 
reflected by the immune response of each PRRs signaling pathway in asymptomatic children. 
Indeed, TLRs mediated responses have been investigated and an attenuated Th1 response 
was characterized for children with later allergy comparing to the controls. 85,82 

2.1.2 Major types of immune responses 

In this part, I will briefly introduce the major types of immune responses tailored for clearance 
of distinct species of microbes, initiated by innate immune response through PRRs. The 
introduction will be focused on the cytokine profiles that contribute in induction and activation 
of each T cell lineage (Th effector, cells, Tc cells, ILCs) for two reasons: First, they are critical 
in shaping the direction of the immune response. Second, the rational of my study design and 
resultant interpretations are based on the cytokine milieu specifically related to each T cell 
lineage (Figure 1). 

2.1.2.1 Type 1 immune response  

The type 1 immune response is responsible for clearance of intracellular microbes (bacteria, 
protozoa, and viruses), and may cause autoimmune disorders if out of control. The major 
cellular components for type 1 immune response include Th1 cells, ILC1s, Tc1 cells and NK 
cells, all of which uniquely express transcription factor T-bet and produce IFN-γ.147–149 In 
addition to T-bet, Tc1 and NK cells also express another T-box transcription factor 
Eomesodermin (Eomes).148–151  

In response to intracellular microbes, IL-12 and IL-18 are released by DCs after activation of 
the PRRs signaling pathway.152 The dendritic cell derived IL-12 and IL-18, in accompany with 
IFN-γ derived from ILC1/NK cells induce the differentiation of Th1 and Tc1 from naïve T cells. 
Macrophages would then be activated by IFN-γ derived from Th1, Tc1, and ILC1. The 
activated macrophages produce toxic antiviral molecules including the matrix 
metallopeptidase (MMPs), nitric oxide (NO), and cytokines promoting phagocytosis and 
clearance of the invaders.153,154 

Th1 

The cytokine environment created by IL-12, IFN-γ, and IFN-α, released by dendritic cells in 
response to PAMPs, is important for guiding the differentiation of Th1. A strong TCR 
stimulation may also favor Th1 lineage commitment.155 The activation of STAT1 and STAT4 
in response to IFN-γ and IL-12 are indispensable for activation of T-bet, which is considered 
as the signature transcription factor for Th1.147,156 Besides the expression of T-bet and IFN-γ, 
specific chemokine receptors CXCR3A and CCR5 are also found on Th1 cells.157 Th1 cells 
are recruited to the site of infection by ligands for CXCR3A (CXCL9, CXCL10, CXCL11) and 
CRR5 (CCL3, CCL4, CCL5). Th1 cells produce IFN-γ and Lymphotoxin alpha (LT-α) as key 
cytokines. 158,159 

Tc1 

Similar to Th1 cells, Tc1 cells with cytolytic potential are induced in the same cytokine 
environment comprised by IL-12 and IFN-γ, and secret the same cytokines after lineage 
commitment via the activation of T-bet and Eomes.160 Tc1 cells also express CXCR3A and 
CCR3 as their main chemokine receptors.161 The major role of Tc1 cells are cytotoxic killing 
of the infected cells.  

ILC1 and NK 
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ILC1 cells are defined as ILC cells expressing T-bet and producing IFN-γ, TNF-α, and GM-
CSF in response to IL-15.162–164 NK cells are the cytotoxic lineage of ILC1 whose induction is 
IL-15 dependent and characterized by IFN-γ production and T-bet and Eomes co-
expression.165  In peripheral blood, 5-15% of lymphocytes are NK cells. 

2.1.2.2  Type 2 immune responses 

The type 2 immune response is devoted to protection against extracellular helminths. It is also 
the immune response associated with allergy if dysregulated. The major immune cells in type 
2 immune responses include mainly Th2 and ILC2 cells, which are characterized by 
expression of the transcription factor GATA3 and secretion of IL-4, IL-5, and IL-13.   

During parasite infections, IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) are released 
by epithelial cells, which in turn activate a group of immune cells including mast cells, 
eosinophils, and ILC2s, resulting in the production of IL-5 and IL-13, and may also include a 
small amount of IL-4. IL-4 and IL-13 are critical in immunoglobulin class switching, favoring 
the production of IgG1 and IgE.166 IL-5 is essential in eosinophil recruitment and supports the 
differentiation, activation, and survival of them.159,159  

Th2 

Unlike what happens for Th1 lineage commitment, in which the cytokines needed for initiating 
the differentiation are provided by activated DCs, the early cytokines guiding Th2 lineage 
commitment does not come from the DCs. NKT cells, naïve CD4 T cells, and basophils are all 
suggested as the important early source of IL-4, which initiate Th2 cell lineage commitment. 
NKT cells were identified to secrete IL-4 in response to IL-18 when IL-12 is not present.167 
Basophils are suggested as the early source of IL-4 because basophils are able to produce 
IL-4 in response to multiple stimuli including IL-18, IL-33 and proteases.167 In addition, their 
potential for acting as APCs to induce Th2 was also suggested since besides IL-4 production, 
basophils can also express both MHCII and CD80/86.168–170 Naïve T cells were also detected 
to secrete low amounts of IL-4 in vitro when cultured with low dosage antigen.171 

Different Th2 differentiation pathway have been suggested. The default Th2 differentiation 
pathway suggests that in the absence of IL-12 and IFN-γ, Th2 differentiate from naïve Th0 by 
default.172 In another model, an IL-4 dependent pathway suggested that in the presence of IL-
4, naïve Th0 cells differentiate into Th2 cells by the help from activated DCs. No matter in 
which pathway the differentiation is initiated, GATA3 is the key transcription factor uniquely 
expressed during Th2 lineage commitment.156,173–176 By binding to multiple sites of IL4, IL13 
gene locus and through epigenetic modifications, the direct role of GATA3 is to induce Th2 
cytokines and regulate many Th2 specific genes such as the IL-33 receptor and CCR8.177 In 
addition to GATA3, activation of STAT5 mediated by IL-2 is also necessary for Th2 cell lineage 
commitment. 178  

After lineage commitment, Th2 cells express specific chemokine receptors (CCR3, CCR4, 
CCR8) to assist recruitment, in response to their corresponding ligands CCL11, CCL17, 
CCL22, and CCL1.157 Besides the chemokine receptors, chemoattractant receptor-
homologous molecule expressed on Th2 cells (CRTH2) is also unique for Th2 cells.179 In 
addition to those lineage-specific receptors, the β2 chain of IL-12 receptor is also found on 
Th2 cells and it has been reported that in the presence of IL-12, IFN-γ can be produced by 
differentiated Th2 cells,147 suggesting for plasticity of Th2 cells.    
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Tc2  

Tc2 cells are also characterized by the ability to produce IL4, IL-5, and IL-13. Tc2 cells possess 
less cytolytic potential compared to Tc1. The sequential signaling pathway leads to type 2 
cytokine production in Tc2 is still unknown, but the fact that Tc2 differentiation requires IL-4, 
and subsequently result in STAT6 phosphorylation, may suggest for a GATA3 dependent 
pathway.180  

ILC2 

ILC2s play an essential role in type 2 immune responses, especially during the early stage.181 
The key transcription factors required for the development of ILC2s are GATA3 and182 
RORα,183 while high expression level of Gfi-1 was also identified in ILC2s and may contribute 
to ILC2 development and their maintenance.184 Besides conventional roles shared with Th2 
cells such as the expulsion of parasites, involvement in allergic inflammation,185 ILC2s also 
participate in the differentiation of adipocytes and energy metabolism.186,187 ILC2s produce IL-
5, IL-13, IL-9, and amphiregulin in response to IL-25, IL-33, and TSLP, the cytokines released 
by epithelial cells after parasite infection, in a TCR and TLR independent manner.188,189 The 
distribution of ILC2s has been identified in many sites including lung, skin, gut and mesenteric 
fat. An extremely low amount of ILC2s has been detected in the peripheral blood.189  

2.1.2.3 Type 17 immune responses 

The type 17 immune responses are responsible for the eradication of extracellular microbes, 
and are associated with autoimmune disorders when out of control. Th17 cell, Tc17 cells, and 
ILC3 cells are the major cellular players specific for type 17 immune responses. Those cells 
uniquely express RORγt and produce IL-17 either alone or together with IL-22.  

When infected by extracellular bacteria or fungi, human dendritic cells are induced to secret 
IL-1β and IL-23, which promotes the differentiation of Th17, Tc17 from naïve T cells and 
stimulate cytokine production by ILC3s. IL-17 (IL-17A and IL-17F) are the signature cytokines 
for type 17 immunity and plays an essential role in type 17 immune responses, due to its ability 
in promoting the recruitment of neutrophils, and in inducing the production of the antimicrobial 
peptides from epithelial cells. The other function of type 17 cells is to maintain the fine-tuned 
balance between the host and microbe at the barrier surface.  

Th17  

Although IL-6 and TGF-β were suggested to be essential for the differentiation of Th17 from 
naïve T cells in murine models,190 recent studies indicate that both of them are not essential 
for human Th17 lineage commitment.191,192 Instead, IL-23 and IL-1β have an indispensable 
role in guiding the differentiation of human Th17 cells from naïve Th cells.191 Th17 precursors 
were isolated from human cord blood and newborn thymus, characterized by the expression 
of RORC, CCR6, and IL-23 receptor. Researchers showed that in the presence of IL-23 and 
IL-1β, those Th17 precursors differentiated into mature Th17 cells even when TGF-β was 
missing.193 The key transcription factor in human Th17 is RORγt whose activation is mainly 
mediated by STAT3.194  

The chemokine receptors expressed by human Th17 cells are CCR6 and CCR4.195 Th17 cells 
are the most plastic Th effector cells and can shift to Th1/Th17 cells in the presence of IL-
12.196 Unlike Th1 and Th2 cells, only a tiny amount of Th17 can be found at sites of 
inflammation. Two possible reasons for such rarity are suggested: first, the population 
expansion of Th17 cells are limited due to its poor ability to produce IL-2 and impaired capacity 
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to replicate itself;197,198 second, Th17 cells are very plastic, hence they can be easily converted 
into the other type of Th cells when the cytokine environment changes.  

Tc17 

In response to IL-1β, IL-23, IL-6, and TGF-β, naive Tc cells differentiate to Tc17 via STAT3 
activation.199 Tc17 is very plastic suggested by the observation that Tc17 produced both IFN 
and IL-17, with elevated RORγt and relatively weaker T-bet expression.200 Tc17 expresses 
CCR6 and CCR5. 201 

ILC3 

In line with Th17 and Tc17, ILC3s are also characterized by enhanced RORγt expression and 
elevated secretion of IL-17 and IL-22.202 ILC3s primarily locate at mucosal surfaces and are 
critical for the development of lymph nodes and Peyer patches.202 After lineage commitment, 
ILC3s are activated in response to IL-1, IL-7, and IL-23. 202,203 

2.1.2.4 Regulatory immune response  

Maintenance of immune homeostasis is essential for health and is mediated by a group of 
CD4 T cells named T regulatory cells (Tregs). Deficiency in Tregs or inhibition in the function 
of Tregs results in autoimmune disease or allergic disorders.  

The lineage-specific transcription factor for Tregs is Foxp3.204 Stable and high amount of IL-2 
receptor α chain (CD25) expression is also a unique identity for Tregs.205 Tregs primarily 
consists of two subsets, i.e., the thymic-derived Treg (tTreg) induced by strong TCR and IL-2 
receptor signaling,206 and extrathymic-derived/ peripheral Treg (pTreg) induced by a high level 
of TGF-β and retinoic acid.206,207 The biological functions of tTreg and pTreg are suggested to 
be different, with tTreg responsible for tolerance to self-antigens and pTreg responsible for 
tolerance to nonself-antigens.208,209 Very recently, an ILC subset analogous to Tregs has been 
identified to contribute to intestinal homeostasis.210 

Multiple suppressive functions employed by Tregs may be uncovered by its transcriptional 
profiles. Tregs express abundant amounts of ectoenzymes CD39 and CD73 which can inhibit 
the proliferation of effector T cells and activation of dendritic cells. It also produces IL-10, TGF-
β, and granzymes. IL-10 is especially important for keeping homeostasis of immune functions 
in the gut.206 CTLA-4 which is expressed on Tregs also facilitates the inhibition of T effector 
cells by competing with CD28 for their costimulatory receptors on APCs.211 Studies revealed 
that TCR and IL-2 receptor signaling are indispensable for all of the variety of suppressive 
functions carried out by Treg.205,212   

2.1.2.5 Other types of immune responses  

In addition to the types of immune responses mentioned above, immune responses 
characterized by the involvement of Th9 or Th22 have also been identified.213 In analogy to 
the other T cell subsets, Th9 and Th22 also associate with a unique cytokine profile. Th22 is 
distinct from Th17, although both of them express IL-22. Th22 is the major source of IL-22 and 
is also characterized by the expression of skin-homing receptors CCR4, CCR10 and 
chemokine receptor CCR6.214 Th22 is suggested to play an important role in inflammatory skin 
disorders such as atopic dermatitis and psoriasis.213,214  

Th9 is one of the most recently identified Th cell subsets. Th9 produces IL-9 as a signature 
cytokine and its lineage commitment is induced by the combination of IL-4 and TGF-β.215 The 
definite functions of Th9 are still understudied, but a possible role in allergic disorders has 
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been suggested. Th9 is suggested to be an important player in allergic asthma which is 
supported by the evidence that allergic airway inflammation in recipient mice were induced as 
a result of DO11.10 Th9 cells transferring after ovalbumin (OVA) challenge. Subsequently, the 
application of anti-IL9 to these recipient mice lead to inhibited allergic inflammation.216  

 

  

Figure 1. Major immune cell types. 

Cellular components of major immune response types and lineage specific cytokines related to 
differentiation and activation. 

2.2 ASTHMA AND ALLERGIC DISORDERS   

Accompanying with the declining incidence of infectious diseases, due to the improved 
hygiene conditions and healthcare, is the climbing prevalence of allergic disorders and other 
forms of non-communicable diseases (NCDs) worldwide during the past five decades. As 
mentioned in the introduction, because allergy manifest at an early age, it is normally regarded 
as an indicator of the altered immune system and forerunner of other NCDs. 4 

Allergic disorders are the most prevalent non-communicable diseases and include asthma, 
allergic rhinitis, atopic dermatitis as well as food allergy. These disorders seriously affect the 
life quality of the patients and cause substantial economic loss for society. What is even worse 
is that there is no cure for allergic disorders and they can only be controlled by treatment. The 
difficulty in finding a universal treatment was because asthma including other allergic disorders 
are multifaceted disorders, with various phenotypes that originated from different 
pathophysiological mechanisms. 217,218 

Thus, it is ideal to find a way to prevent the establishment of asthma and other allergic 
diseases, rather than treat them. Several lines of research suggest that allergic disorders have 
an early onset and the trajectory of the disease can be traced back in early life.3,31 Therefore, 
studying childhood asthma and other allergic disorders in childhood may help us getting a 
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better understanding of the mechanisms of those diseases and may eventually guide us to 
find way to prevent disease development.  

Asthma is a chronic airway inflammation involving the cooperation of both the innate and 
adaptive immune system and epithelial cells, manifested by airway hyperresponsiveness 
(AHR), mucus hypersecretion, airway remodeling, and airway obstruction. The prevalence of 
asthma has doubled during the past decades, and it affects approximately 300 million people 
worldwide, with an increased mortality rate. 219,220  Asthma and other allergic disorders are not 
a single disease, but a syndrome, representing a heterogeneous group of multiple diseases 
sharing a similar clinical manifestation.217,218,221 I will briefly introduce currently identified 
asthma endotypes and phenotypes in the following part. 

2.2.1  Th2 endotype 

Asthma is well known as a type-2 based immune disorder that depends on the orchestra of 
type 2 immune cells (Th2 cell, basophils, eosinophils, mast cells) and type 2 cytokines (Th2 
cell derived cytokines: IL-4, IL-5, and IL-13; epithelial cells derived cytokines: IL-25, IL-31, IL-
33, and thymic stromal lymphopoietin (TSLP)).222 However, it becomes more and more clear 
that this is just one of the asthma endotypes, known as the Th2 endotype because of its 
dependence on Th2 cytokines.221 Moreover, within this Th2 endotype, several subendotypes 
might also exist, such as IL-5 high, IL-13 high, or IgE high.223 Hence, the definition of asthma 
based on Th2 immune responses is merely a simplification of the mechanisms.  

About half of non-severe asthmatic patients have the Th2 endotype, and it is the endotype 
that most strongly relate to atopy.224 Atopy refers to the ability to produce specific IgE against 
an allergen, known as allergic sensitization and generally assessed by either positive skin 
prick test (SPT) or the occurrence of specific IgE in the serum.225 Sometimes, elevated total 
serum IgE is also used as a surrogate for atopy.25,26 On the other hand, allergy refers to an 
unfavorable Th2 driven hypersensitivity response to harmless environmental substances 
known as allergens, resulting in one or more IgE mediated disease such as food allergy, atopic 
dermatitis, allergic rhinitis, and allergic asthma.15 Children who are sensitized at an early age 
have a greater risk of developing eczema and food allergy, followed with higher susceptibility 
in allergic rhinitis and allergic asthma later in life. Such sequential development of atopic 
manifestation is well known as the “atopic march”.226–231 The complexity of atopic asthma and 
allergic disorders cannot be simply explained by the Th2 endotype since not everyone with 
atopy subsequently follows the atopic march. For example, for children with atopic dermatitis, 
about 66% of them develop allergic sensitization and allergic rhinitis, and around 30% of them 
develop allergic asthma.232 Allergic asthma and allergic rhinitis have the largest overlap, with 
80% allergic asthmatic patients having allergic rhinitis. On the other hand, about 19% to 38% 
of patients with allergic rhinitis co-occur with asthma. 233–235 

Even though some studies suggested that allergic asthma and allergic rhinitis might be the 
same disease because they share common risk factors, pathophysiologic mechanisms as well 
as common treatment,236–240 differences between them also exist.241 Hence, in my study, 
besides childhood asthma, allergic sensitization and allergic rhinitis are also examined as 
single clinical outcomes. 

2.2.2 Non-Th2 endotype 

About half of severe asthmatic patients have a non-Th2 endotype and do not respond to 
conventional asthma treatment.242 The non-Th2 endotype is also a heterogeneous group. The 
elevation of IL-17, IL-1β, TNF-α, and chemokine receptor CXCR2 are often observed in 
asthmatic patients having the non-Th2 endotype, indicating an association with neutrophil 
inflammation.243 Two mechanisms explaining non-allergic asthma are suggested, the Th17 
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endotype and the neutrophil endotype.222 The Th17 endotype is Th17-dependent and 
characterized by the production of IL-17A, IL-17F, and IL-22 and neutrophil infiltration. The 
Th17 endotype is strongly associated with severe asthma and steroid resistance. The 
neutrophil endotype is based on a dysregulated innate immune response. It is characterized 
by neutrophil inflammation, the enhanced expression of IL-1β, TNF-α, and NF-κB as well as 
altered TLR expression.244 

2.2.3  Mixed Th2/Th17 endotype  

A mixed Th2/Th17 endotype is also identified in asthma.222,245,246 The plasticity of Th17 cells 
enables phenotype adjustment according to the microenvironment to further differentiate into 
dual-positive Th2/Th17 cells and secrete signature cytokines of both type 2 and type 17 (IL-4, 
IL-5, IL-17).245,247 The interplay between Th2 and Th17 responses is very complicated. Studies 
suggest for a reciprocal regulation phenomenon in such mixed Th2/Th17 asthma, where IL-
17 production by γδT cells and by Th17 in response to a breached epithelium promotes the 
production of IL-4 and IL-13 from ILC2 and Th2 cells, which suppress further IL-17 expression 
and neutrophilia in a negative feedback loop.248 On the other hand, Th17 response may be 
amplified by IL-4 and IL-13, by upregulated expression of CD209a on dendritic cells.249 

2.2.4 Asthma phenotypes and lung function      

Childhood asthma can be classified into different subphenotypes by more precise phenotypic 
definitions. By doing this, a more homogeneous subgroup of asthma patients can be identified, 
which will further facilitate studies in finding the risk genetic variants and environmental 
exposures, as well as immune profile cataloging. Different definitions have been applied in 
further defining the subphenotypes. For example, childhood asthma was suggested to be 
classified into “transient wheeze”, “early persistent wheeze” and “late onset asthma” by the 
Tucson population based birth cohort.221 In some cases, classification using intermediate 
phenotypes was also suggested because they can be more objectively measured. Such 
intermediate phenotypes include lung function and serum IgE.15 

2.3 RISK FACTORS OF CHILDHOOD ASTHMA AND POSSIBLE MECHANISMS   

Intensive studies during the last decades uncovered several risk factors for childhood asthma 
and other allergic disorders. Not surprising, as many other NCDs, childhood asthma and other 
allergic disorders are the outcome of a dynamic and complex interaction between genetic and 
environmental components.4,6,7,31 In this part, the identified risk factors from both sources will 
be briefly introduced.  

2.3.1  The genetic risk factor and mechanisms  

The genetic background has a critical role in asthma and its importance has been suggested 
by several monozygotic twin studies since the year of 1971.250 Those twin studies carried out 
in different countries during the last 50 years estimated that genetic background contributes 
35% up to 95% to the risk of asthma.250–260  

About 39 genetic variants have been associated to increased risk of asthma through genome 
wide association studies (GWAS) since the identification of the first genetic variant, ORMDL3 
on chromosome 17q21, in 2007.16 Subsequent studies also found a variant in the same 17q21 
locus regulating the expression of another gene, GSDMB.13,261,262 Because of the strong 
linkage disequilibrium (LD) and co-expression of genes in the same locus, gene variants 
clustered in this region is now recognized as 17q21 locus. Among all the identified asthma 
susceptible genes, the most robust ones are the 17q21 asthma locus (ORMDL3, GSDMB), 
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IL1RL1, IL-33, and TSLP.15 A very recent meta-analysis based on multiple ancestry asthma 
GWAS found those asthma associated loci are enriched in enhancer markers in immune cells 
and may be involved in regulation of gene expression related to immune functions. 263 

Moreover, the biological functions of IL1RL1, TSLP, and IL-33 suggested that those genetic 
variants may work through the same pathway related to atopy. TSLP and IL-33 can promote 
the differentiation as well as activation of Th2 cells, via binding to IL-33 receptor encoded by 
IL1RL1 expressed on Th2 cells and other innate immune cells (mast cells, ILC2, macrophages, 
basophils, dendritic cells, and eosinophils).264–267 Evidence from GWAS studies also support 
the associations between genetic variants in these gene locus and allergic diseases. For 
example, genetic variants in IL-33 and IL1RL1 have been reported to have a positive 
association with eosinophil count as well as asthma in a GWAS of eosinophil count.27 Several 
candidate gene studies also confirmed that the loci around TSLP268–270 and IL1RL1271–273 may 
contribute to the susceptibility of asthma and atopy.  

However, the role of the 17q21 locus on asthma susceptibility seems to be different and may 
not involve in atopic pathways. The association between the 17q21 locus and childhood early 
onset asthma and exacerbations has been reported as described above, but no associations 
with adult asthma, total serum IgE, and allergic sensitizations have ever been identified for the 
17q21 locus. Some studies proposed a non-atopic pathway led by the 17q21 to childhood 
asthma and exacerbation.274,275,276   

Of course, the functions of those risk variants are not limited to immune functions, their 
expression in airway epithelium also suggest their involvement in other biological functions 
including barrier integrity, cell adhesion, and airway remodeling.263 All in all, the exact functions 
of those identified risk gene variants still need to be further elucidated.  

2.3.2  The environmental risk factors and mechanisms 

Besides the encoded genetic variance, many environmental factors have been identified as 
risk factors of asthma and other allergic disorders, partially due to their effects on the immune 
system.6 

It is suggested that environmental exposures, especially the composition of the microbiota 
during early life have a tremendous and long-lasting influence on the development of the 
immune system and subsequent asthma and allergic disorders. 

The first hypothesis proposed to connect microbial exposures and allergic disorders was the 
hygiene hypothesis, which suggests that limited early life exposure to microbes changes the 
early life immune system and results in enhanced susceptibility to allergic disorders.277 This 
hypothesis was originally formulated to explain the sibling effect, i.e. having older siblings can 
protect the younger children against atopic disorders, because their exposure to 
environmental microbes would be inevitably promoted by having older siblings. Many 
environmental exposures result in altered microbial exposures of the infants, including 
household size, delivery mode (Cesarean section), antibiotic usage, pet ownership, daycare 
attendance, farming environment, viral infection, and bacterial colonization can all be covered 
by the umbrella of the hygiene hypothesis.  

Moreover, a microflora hypothesis is proposed as an extension of the hygiene hypothesis, with 
a special focus on the role of microbes colonized inside and outside the human body. 
Evidences from germ free mice proved the effects of microbiota on supporting immune and 
metabolic homeostasis. Experiments in germ free mice showed that colonization of gut 
bacteria to germ free mice during early life can rescue their impaired immune function.278,279 
Furthermore, introduction of specific bacteria, such as Bifidiobacterium infantis, to germ free 
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mice, which are characterized by a biased Th2 response, can result in a rebalanced immune 
response.280–285  

The critical impact of early life gut microbiota on the development of allergic disorders was 
also suggested to be in effect in human beings based on longitudinal studies. Gut microbial 
diversity in newborn (1 week and 1 month old) was identified to associate with asthma at 
school age.286 The neonatal intestinal microbiome compositions of asthmatic and non-
asthmatic children was distinct from each other in infancy (1 month after birth), with a lower 
abundance of specific bacterial and higher abundance of certain fungi in the high-risk group.287  
Moreover, the colonization of specific bacteria strains (H. influenzae, M. catarrhalis, S. 
pneumoniae) in the hypopharyngeal region of 1 month old infants resulted in increased risk of 
childhood asthma78 and a subsequent study revealed that those prospective asthmatic 
children generally displayed an aberrant immune response against the three bacterial 
strains.83 

Multiple mechanisms have been proposed regarding the association between early microbial 
exposure and later allergic disorders and asthma. One potential mechanism refers to the 
crosstalk between intestinal innate immune cells and microbes, i.e. pattern recognition 
receptors (PRRs) of the innate immune system recognizing pathogen-associated molecular 
patterns (PAMPs) such as the cell wall components LPS and peptidoglycan.288 The function 
of dendritic cells in bridging innate immune response and adaptive immune response in 
asthma has been proposed.289,290 By sensing the surrounding microbes with their equipped 
Toll like receptors (a group of PRRs), dendritic cells are able to train and decide the phenotype 
of the lymphocytes. Therefore, alterations in the microbial composition could also be 
transferred by the dendritic cells and influence the priming of the lymphocytes, which further 
affect the inflammatory response in the airways. It is now suggested that DCs may contribute 
in reducing the risk of allergy in a farming environment, which is rich in endotoxin (also known 
as LPS and recognized by TLR4). In a mouse experiment, chronic exposure to LPS protected 
the mice from house mite induced asthma, by inhibiting the recruitment of DCs to the lung 
through A20, which is an inhibitor of transcription nuclear factor κB (NF-κB). 291 

Besides the crosstalk between PRRs and PAMPs, microbial-derived metabolites can also 
interact with the immune system. One of the most studied metabolites from microbes is the 
short chain fatty acids (SCFAs), which are produced during bacterial fermentation and are 
used as primary energy sources for many gut microbes and host tissues.292 The SCFAs 
contribute to both physiological and immune homeostasis.293 SCFAs have an important role 
in supporting the integrity of mucosal barriers by inducing the ILC3s to secret IL-22, which in 
turn promotes the production of antimicrobial peptides and mucus by Paneth cells.294 The 
SCFAs can also induce immune tolerance by inducing peripheral Tregs (pTregs), potentially 
through inhibition of histone deacetylases (HDACs).295–297 Specific commensal bacterial 
species, i.e. Clostridia species, are identified to produce abundant levels of SCFAs, and are 
associated with pTregs induction in the colon.298,299 The protective effect of the SCFAs on 
asthma was also supported in a HDM mouse model of asthma, in which cellular infiltration to 
the airways after HDM challenge was inhibited by the application of SCFAs.300 Similar effects 
of SCFAs in humans was also suggested. Supplementation of Lactobacillus rhamnosus to 
infants with food allergy resulted in increased abundance of SCFA-producing bacterial strains 
and promoted the acquisition of tolerance.301 

Another proposed mechanism is the microbe associated epigenetic modifications. Selected 
evidence supporting this mechanism is listed below. The transferring of conventional gut 
microbiota into germ-free neonatal mice led to increased methylation of CXCL16 and 
subsequently reduced recruitment of invariant natural killer T (iNKT) cells into the colon.81 The 
methylation of asthma and allergy-related genes is influenced by early life exposure to farm 
microbes.302,303 Moreover, the DNA methylation patterns of whole blood exposed to two 
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bacteria phyla (the Firmicutes and Bacteroidetes) were distinct from each other and may 
involve in many forms of NCDs.304  

Other environmental risk factors for childhood asthma not related to microbes include maternal 
tobacco smoking and air pollution. Children are particular vulnerable to air pollution, partially 
because their lungs are under rapid development and their lung epithelial layers are highly 
permeable compared to adults.305 Multiple mechanisms were also proposed for explaining the 
role of tobacco smoking and air pollution on asthma, including induced necrosis and apoptosis 
of airway epithelial cells,306–309 promoted inflammation310–312 and epigenetic modifications.313–

317 It is shown that the expression of pro-inflammatory cytokines (TNF-a, IL-6, IL-8) and 
chemokines was elevated in response to air pollution.318 High levels of particulate matters (PM) 
were found to associate with hypermethylation of Foxp3, which is suggested to contribute to 
Tregs suppression, in peripheral blood of asthmatic children.317  

In summary, both genetic variants and non-genetic risk factors have decisive effects on the 
risk of childhood asthma. However, when exploring the contributions of a risk factor on disease 
development, interaction with genetic background should also be considered. Environmental 
factors may only have an effect when the individuals have a specific genetic background. One 
such example is the interaction between 17q21 genetic variants and cat exposure. The 
protective effect of cat exposure on childhood asthma is suggested to be 17q21 genetic 
variants specific.319,320 In line with this, more investigations are needed in order to elucidate 
the mechanisms causing asthma, given the complex interactions between the whole genome 
and overall environmental exposures.6,31 
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3 HYPOTHESIS AND AIMS 

3.1 RESEARCH QUESTIONS AND HYPOTHESIS  

It is well accepted that asthma and other allergic disorders have an early onset, which may be 
partially contributed by a dysregulated immune system imprinted by early life environmental 
exposures. Given the evidence that early life viral and bacterial infections are closely related 
to later asthma and other types of allergic disorders, we hypothesized that infants who go on 
to have allergic disorders might have deregulated immune responses against encountered 
microbes in early life.  

The hypothesis of this thesis: 

Children with a dysfunctional immune system cannot elicit the appropriate immune response 
against the invading pathogens, resulting in persistent colonization of pathogens, recurrent 
infections, and subsequent allergic disorders.  

We tested the hypothesis using data collected from the birth cohort COPSAC2000, which is a 
high-risk longitudinal birth cohort study enrolling 411 children born between 1998 and 2001 at 
the age of 1 month, all with asthmatic mothers.   

3.2 AIMS AND OBJECTIVES 

This thesis aimed to examine and characterize the deregulated early life immune response of 
children in relation to development of later asthma and other allergic disorders.  

The specific objectives were: 

Paper I. The study aimed to examine the difference in bacteria-stimulated cytokine profiles 
from infant T cells between prospective allergic sensitized kids and healthy controls, with a 
particular interest in IL-2, which was suggested to be essential for development of Tregs. 

Paper II. The study aimed to specify whether the effects of risk SNPs on asthma and other 
related clinical endpoints are mediated by any aberrant immune response related to specific 
innate immune signaling pathway in infancy. 
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4 METHODOLOGY  

4.1 COPSAC2000 

COPSAC2000 is an ongoing prospective clinical 
mother-child cohort of 411 children born in the 
Copenhagen metropolitan area during the period 
1998-2001. The children were born to mothers with 
active or previous doctor-diagnosed asthma, 
enrollment of which is previously detailed. The 
children were enrolled at age 1 month and were 
prospectively followed at the COPSAC clinical 
research unit with regular follow-up visits every 6 
months until age of 7 year and at the presentation 
of acute respiratory or skin symptoms. The clinical 
research unit was used as primary health care 
facility for the diagnosis and treatment of any airway 
or skin symptoms, strictly adhering to predefined, 
validated algorithms.  

This cohort study was approved by the 
Copenhagen Ethics Committee (KF 01-289/96), the 
Danish Data Protection Agency (2002-41-2434), 
and followed the principles of the Declaration of 
Helsinki. We followed Good Clinical Practice 
guidelines for data validation and quality control. 
Written and oral informed consent was obtained 
from the parents at enrolment prior to any study 
related procedures.  

Study group 

Peripheral blood was sampled from 339 infants. Peripheral blood mononuclear cells (PBMCs) 
were isolated from those sample and subsequently 337 of PBMCs samples were stimulated 
by innate ligands and 331 of them were treated with whole bacteria stimulation (Figure2). 

Baseline characteristics of the entire cohort, the study group and the excluded group were 
calculated and displayed in Table 1, suggesting that there was no significant difference 
between the study cohort and the excluded group regarding the examined characteristics.  
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Figure 2. Flowchart of PBMC sampling and in 
vitro stimulation 
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Table 1. Baseline characteristics of children with PBMC sampling 

 

 COPSAC2000 Study group Excluded  P value 

N 411 339 72  

Sex(Boy) 49.4%(203) 50.4%(170) 44.6%(33) 0.43 

     

Antibiotics in 3rd trimester 14.4%(59) 13.6%(46) 17.6%(13) 0.49 

Cat in house in pregnancy 15.2%(60) 14.5%(48) 18.5%(12) 0.53 

Delivery mode (Cesarean) 21.2%(87) 21.1%(71) 21.6%(16) 1 

Any older siblings 40.4%(166) 39.2%(132) 45.9%(34) 0.34 

Passive smoke in 3rd trimester 9.98%(41) 9.5%(32) 12.2%(9) 0.63 

Smoking in 3rd trimester 15.3%(63) 14.5%(49) 18.9%(14) 0.44 

     

Maternal dermatitis 42.6%(147) 42.1%(122) 45.5%(25) 0.75 

Maternal allergy to inhaled allergen 86.9%(357) 87.8%(296) 82.4%(61) 0.29 

Paternal asthma 14.2%(57) 13.7%(45) 16.4%(12) 0.68 

Paternal dermatitis 10.7%(36) 11.7%(33) 5.56%(3) 0.27 

     

Household income above 800K 8.64%(33) 8.76%(29) 7.84%(4) 1 

Mother’s highest education 15.2%(58) 15.1%(50) 15.7%(8) 1 

Mother’s age at birth (yr), mean(SD) 30.1(4.5) 30.18(4.5) 29.6(4.4) 0.42 

4.2 INNATE AND ADAPTIVE CYTOKINE RESPONSES BY INFANT PBMC 

The in vitro experiments for cytokine production and measurement was performed by others 
before I started my PhD project, hence I will briefly introduce the experimental procedure.  

Peripheral blood mononuclear cell (PBMC) samples were isolated by density centrifugation 
from blood samples collected at 6 months of age and stored for up to 12 years at -140oC. After 
thawing, the cells were seeded in 96 well plates, followed by stimulation with one of six innate 
ligands or one of three whole bacteria for 40 hours, thereafter the supernatant cytokines were 
then measured by customized multiplex immunoassays from MesoScale Discovery read on a 
Sector Imager 6000 (MSD, Gaithersburg, MD, USA).   

The innate ligands used in the experiment were lipopolysaccharide (ultrapure E. coli LPS), 
unmethylated cytosine poly guanosine DNA (CpG), polyinosinic:polycytidylic acid (poly(I:C)), 
resiquimod (R848),1-hydroxy-2-methyl-2-buten-4-yl 4-diphosphate (HDMAPP) and aluminum 
crystals (alum) in concert with low dose LPS (5 ng/mL) (lowLPSalum) or complete media alone 
(unstimulated), each corresponding to a specific innate signaling pathway whose activation 
results in expression of multiple cytokines.    

The whole bacteria used in the experiments were UV-inactivated H. influenzae, M. catarrhalis, 
and S. pneumonia. The colonization of those bacteria were detected in the airways of the 
infants from the same cohort when they were 1 month old, and their occurrence was 
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suggested to be associated with increased risk of asthma at age 5 years. Besides the active 
cytokine response, composition of T cell subsets in the PBMC samples were also measured 
by flow cytometry.   

The relevant immunological data from PBMC samples used in this PhD project are 
summarized in Table 2. 

Table 2. Cytokine matrix and experiment setting for each paper 

 

Abbreviations: Hi: H. influenzae, Mc: M. catarrhalis, and Sp: S. pneumoniae. 

4.3 CYTOKINE DATA TRANSFORMATION 

Different sets of supernatant cytokines were collected and measured in response to various 
innate ligands and whole bacteria. Subsequently, varying transformation methods were 
applied for calculation purpose.  

4.3.1 Cytokine secretion in response to innate ligands 

The data derived from stimulation by innate ligands suffered 2 problems: inflation with 0 & 
populated with values below lower limit of detection (LLOD). For handling the 0 value, although 
we replaced them with half of the min concentrations of corresponding cytokines, other 
attempts were also made expecting to find a more analytical approach deal with 0 inflated 
data.   

Attempts to recognize zero concentration 

The level of cytokines were measured by a highly sensitive electrochemiluminescence method, 
in which the fluorescent signals were detected and converted to concentration with unit as 
pg/ml. When carefully compared the sigmoid curves plotted with concentration as x and 
fluorescent signal as y, we found that there was a cutoff value for each cytokine in each 
experiment, all signals smaller than that cutoff value were all converted to 0 pg/ml, indicating 
that although 0 pg/ml was a single value, it actually represented a range of signals (Figure 
s1). We then compared the signals associated with 0 pg/ml and the signals from blank 
samples by overlaying their density distributions (Figure s2). We further defined the 2.5% 
percentile of blank signals as lower bound and assigned all signals below it NAs. The rationale 
behind this was that those very signals might be due to technical error since signals smaller 
than blank would be very unusual. Those manually introduced NAs were then imputed by K-
nearest neighbor algorithm (KNN). However, this method had a pitfall that cannot be neglected. 
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The imputed values from KNN were dependent on number of cytokines included in the 
dataframe (the number of neighbors), i.e., including different number of cytokines in the 
dataframe resulted in different result from KNN. Due to this inconsistency, we decided to treat 
all 0 in the same way by replacing 0 by the half of the minimum concentration of corresponding 
cytokine.  

Although this signal based 0 differentiation method was not used in this PhD study, it still 
revealed the heterogeneity of signals behind 0, and may be improved by combining with other 
imputation method such as bayesian principal component analysis (bPCA), fuzzy K-means 
(FKM) and multiple imputations by chained equations (MICE). 

Values below LLOD 

To handle data below LLOD, the question we asked was: How reliable were they? If they were 
not reliable, can we find a better way to make them to be more precise? For the values below 
LLOD, we decided to keep them untouched after carefully investigation described below.  

For each assay, LLOD was 2.5sd above the zero calibrator (the blank samples). If we adopt 
the usual way, such as to replace values bellow LLOD by a specific number, a manually 
introduced uniform pattern will appear and may have substantial impact on the later analysis 
because the large proportions of those small values. What we wanted was to reduce the noise 
but not enhance it. Hence, we need to find a better way to take care of those small values. 
The approach we decided to use was a weighted approach, i.e. assign each concentration 
with a corresponding weight, based on its fluorescent signal level. The concentrations were 
converted from the florescent signals, detected during the experiment, based on a 4 parameter 
logistic regression (4PL) model. Their association can be reflected by a sigmoid curve shown 
in Figure s3. Smaller weights were assigned to concentrations below LLOD plotted as vertical 
lines, representing their bigger uncertainties. We used the segregation level of ligand specific 
cytokine patterns as the gold standard throughout the quality control process.  We then 
compared the segregation of cytokine profiles generated by a weighted PCA with that of a 
normal PCA (Figure 3). The F statistics from the adonis test as well as the R2 suggested that 
the weighted approach did not outperform the normal PCA in separating ligand specific 
cytokine profiles. On the other hand, this may also suggest that although the small values 
below LLOD have more uncertainty, they still contain unique ligand specific cytokine pattern, 
hence we keep the values below LLOD untouched.   
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Figure 3. Comparison between PCA and weighted PCA 

Transformation – cytokines in innate response 

The supernatant levels of cytokines after 0 adjustment as described above were corrected for 
background levels by dividing stimulated cell values with the corresponding baseline level 
secreted from unstimulated PBMCs for each child. Thereafter, the levels were log-transformed 
to improve normal distribution prior to the statistical analysis. The distribution of each cytokine 
is shown in Figure 5. PCA plot showing the segregation of cytokine profiles from each ligand 
can be found in Figure 4. 

 

Figure 4. PCA score plot for cytokines from innate ligands stimulation 

PCA  
adonis test: 

F=139.29, R2 = 0.26034, P= 0.001 

Weighted PCA 
 adonis test: 

F=116.63, R2=0.23453, P=0.001 
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Figure 5. Dotplot for transformed cytokines derived from innate ligand stimulation of PBMCs 
collected at 6 month of age. N=337.  

Abbreviations: LPS: lipopolysaccharide,  polyIC: polyinosinic:polycytidylic acid,  

R848: resiquimod, HDMAPP: 1-hydroxy-2-methyl-2-buten-4-yl 4-diphosphate, 

LPS+Alum: LPS+ aluminum potassium sulfate,  

CpG: unmethylated cytosine poly guanosine DNA 
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4.3.2 Cytokine secretion in response to whole bacteria 

Whole bacteria are more potent in stimulating cytokine production compared with the innate 
ligands, hence this dataset didn’t inherit as serious problems as the cytokines derived from 
innate ligands stimulation.  

A different transformation method was applied for those cytokines. The supernatant levels of 
cytokines were adjusted for background levels by subtracting baseline level associated with 
unstimulated PBMCs from the corresponding stimulated cell values for each child. Afterwards, 
the levels were square root transformed to improve normal distribution prior to the statistical 
analysis. The distribution of each cytokine is shown in Figure 6 and the PCA plot showing the 
separated cytokine profiles from different whole bacteria stimulations displayed in Figure 7.   

 

Figure 6. Dotplot for transformed cytokines derived from whole bacteria stimulation of PBMCs 
collected at 6 months of age. N=331.   

 

Figure 7. PCA score plot of cytokines from whole bacteria stimulated PBMCs collected at 6 
months of age. Each dot represents one child. N= 331. 
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4.4 STATISTICAL APPROACHES  

After data transformation, different statistical methods were employed for corresponding 
research question investigated in each paper. All the analyses were performed by R 3.4/ R3.5, 
including packages: xlsx, mice, mediation, survival, tidyverse, broom, ggrepel, reghelper, 
ggpubr, and compositions. 

4.4.1 Statistical approach for paper I  

The association between allergic disorders and the cytokine expression profiles (7 cytokines) 
in response to H. influenzae, M. catarrhalis, and S. pneumoniae were examined in this paper, 
with a special focus on the role of IL-2.  

Stepwise regression 

A stepwise multiple regression model with forced IL-2 retaining was used to find cytokines 
associated with the development of allergic disorders, in response to each of the whole 
bacteria. The final model was compared with a null model by ANOVA for goodness of fit 

PCA regression 

Besides the univariate analysis described above, a multivariate method was also employed, 
in which the immune patterns captured by a data-driven principal component analysis (PCA) 
on the 21 independent variables (3 bacterial stimulation x 7 different cytokines) was used for 
association analyses with the outcomes.  

Regression for compositional data  

Moreover, the associations between each of T cell compositions in the PBMC samples and 
outcomes were also investigated. T cell composition data was transformed by isometric log 
ratio (ilr) using sequential binary partitioning and their association with outcomes was analyzed 
by multiple regression models using a method recently described.321  

The results are reported with 95% CI and p-values ≤0.05 were considered statistically 
significant. 

4.4.2 Statistical approach for paper II 

A casual mediation analysis was conducted aiming to find whether the early infant cytokine 
profiles associated with specific innate signaling pathway mediated the effect of selected 
asthma risk SNPs on development of asthma. 

Associations by regression 

Different regression models (linear, logistic, poisson, cox regression) were used to find the 
associations between SNPs & outcomes, SNPs & immune profiles captured by PCA, as well 
as the immune profiles captured by PCA & outcomes, based on the type of dependent variable.  

Causal mediation analysis 

A causal mediation analysis employing the potential outcome framework was then conducted 
for examining the mediation effect of immune profiles for specific pairs of SNP & outcome. 
This analysis was carried out by using the mediation package from R. This package was 
written according to the potential outcome framework using a simulation-based method 
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consisting of two regression model based equations for estimating the casual mediation 
effect.322,323 

Multiple imputation and mediation analysis 

As there were more than 30% of data missing from father dermatitis, mediation analysis with 
complete cases would lead to a biased estimate and reduced power. Thus multiple imputation 
using MICE (Multiple Imputation based on Chained Equation) procedure by mice package in 
R was applied for this variable before including it in the adjusted mediation analysis.324 The 
point estimate of the mediation effect through multiple adjusted mediation analysis was the 
average of the estimates reported by each mediation analysis and its 95% confidence interval 
(CI) was calculated by taking quantiles of the stacked vector consisting of simulated unit 
mediation effect. 323,325 

4.5 SUPPLEMENTARY PLOTS FOR METHODOLOGY  

 

Figure s1.  Plot for signal and concentration (Concentration as x, signal as y). 
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Figure s2. Density plot for signals from blank samples and signals from zero concentrations. 

 

Figure s3. Overlaid standard sigmoid curves 
with LLOD as vertical line from multiple 
assays 

 

 

Figure s4. Frequency of each T cell subsets 
in PBMC samples 
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5.1 ABSTRACT  

Background: Autoimmunity and allergy have been associated with decreased number and 
function of regulatory T-cells and low interleukin-2 (IL-2) levels. We aimed to investigate if 
release of IL-2 from peripheral blood mononuclear cells (PBMCs) stimulated with pathogenic 
airway bacteria was associated with development of allergy-outcomes in early childhood.  

Methods: PBMCs were isolated at age 6 months in 331 infants from the Copenhagen 
Prospective Studies on Asthma in Childhood 2000 (COPSAC2000) mother-child cohort, and 
subsequently stimulated with H. influenzae, M. catarrhalis and S. pneumoniae in in vitro 
cultures. Levels of cytokines (IL-2, IL-10, IFN-γ, TNF-α, IL-5, IL-13 and IL-17A) were 
determined in the supernatant by electrochemiluminescence immunoassays. The immune 
profiles were analyzed for association with development of total-IgE, allergic sensitization and 
rhinitis during the first 7 years of life using regression models and principal component analysis 
(PCA).  

Findings: An attenuated IL-2 response to stimulation with H. influenzae (p=0∙011) and M. 
catarrhalis (p=0∙027) was associated with elevated total-IgE at age 7. These findings were 
confirmed in a multivariate PCA model (PC2, p=0∙032). An immune profile with both reduced 
IL-2 and elevated IL-5 was associated with increased risk of allergic rhinitis (PC3, p=0∙038). 
We found no associations with development of allergic sensitization.   

Interpretation: A reduced IL-2 response from PBMCs exposed to common pathogenic airway 
bacteria at age 6 months was associated with elevated total-IgE and allergic rhinitis during the 
first 7 years of life. These findings suggest that suppressed Treg activity in early life may herald 
onset of allergy in early childhood, which could be a target for low-dose IL-2 trials in the future. 

5.2 INTRODUCTION 

Reduced numbers and function of regulatory T-cells (Tregs) have been demonstrated in 
autoimmune and allergic diseases, suggesting that a dysregulated Treg system contributes to 
the pathogenesis of these conditions.326–329  Interleukin 2 (IL-2) is critical for the development 
and survival of Tregs330–332 and a possible role of the IL-2/Treg interplay in allergy has been 
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suggested by a study showing that reduced IL-2 expression by cord blood CD4(+) T cells 
associated with decreased Tregs and increased risk of food allergy in childhood.333  

In the Copenhagen Prospective Studies on Asthma in Childhood 2000 (COPSAC2000) mother-
child cohort we conducted repeated clinical assessments including total-IgE, specific-IgE and 
allergic rhinitis through age 7 and biobanking of peripheral blood mononuclear cells (PBMCs) 
isolated from the infants at age 6 months. Recently, we investigated the PBMC response to in 
vitro stimulations with H. influenzae, M. catarrhalis, and S. pneumoniae measuring production 
of T cell-related cytokines of the Treg (IL-2, IL-10), Th1 (interferon-γ (IFN-γ) and tumor 
necrosis factor-α (TNF-α)), Th2 (IL-5, IL-13) and Th17 (IL-17A) cells.2,3  

The aim of the current study is to analyze the relationship between the PBMC response to 
bacterial stimulations and the development of allergy-related endpoints during the first 7 years 
of life, hypothesizing a protective role of IL-2.  

5.3 MATERIALS AND METHODS  
5.3.1 Study cohort 

This study is part of the ongoing COPSAC2000 prospective mother-child cohort of 411 children 
born to mothers with asthma.334 The children were enrolled at age 1 month, excluded children 
born before gestational week 36 and children suffering from any respiratory disorder before 
enrollment. The children were followed prospectively at the COPSAC clinical research unit 
with regular follow-up visits every 6 months till age 7 and at episodes with respiratory 
symptoms. The clinical research unit was the primary health care facility for diagnosis and 
treatment of any respiratory symptoms, strictly adhering to validated algorithms.335  

The study was approved by the Copenhagen Ethics Committee (KF 01-289/96), the Danish 
Data Protection Agency (2002-41-2434), and followed the principles of the Declaration of 
Helsinki. Written and oral informed consent was obtained from the parents at enrolment.  

5.3.2 Bacterial stimulation of PBMCs 

The bacterial stimulations of PBMCs was previously described in details.2,3 Briefly, PBMCs 
were isolated by density centrifugation from blood samples collected at 6 months and stored 
for up to 12 years at -140oC. After thawing, the cells were stimulated with UV-inactivated H. 
influenzae, M. catarrhalis, and S. pneumoniae (50µg/mL) or blank sterile culture media alone 
in U-bottomed 96-well plates at 5x105 cells/well (200µL total volume/well) for 40hours at 37⁰C 
and 5% CO2 in a humidified incubator. Supernatants were harvested and stored at -80⁰C until 
quantification of IL-2, IL-10, IFN-γ, TNF-α, IL-5, IL-13 and IL-17A levels by customized 
multiplex immunoassays from MesoScale Discovery read on a Sector Imager 6000 (MSD, 
Gaithersburg, MD, USA). All assays were highly sensitive with a detection limit below 1pg/mL.  

5.3.3 T cell immune phenotyping 

The composition of the T cell compartment was analyzed on freshly thawed unstimulated 
PBMCs (5 x 105 cells) using flow cytometry. Staining and flow cytometry analysis were 
performed using the following antibody panel: CD3/eFlour450, CD8/FITC, TCRVa24-
Ja18/PerCP-eFlour710, CD127/APC-eFlour780 (eBioscience, San Diego, CA), CD25/PC7, 
TCR γδ /PE (Beckman Coulter, Brea, CA) and CD4/V500 (BD Bioscience, San Jose, CA). T 
cell subsets were identified by a predefined gating strategy and analyzed in a blinded manner: 
Helper (CD3+CD4+), cytotoxic (CD3+CD8+), regulatory (CD3+CD4+CD127-CD25+), γδ 
(CD3+TCRγδ+) and invariant NK (CD3+TCRVα24-Jα18+) T cells. All population frequencies 
were calculated relative to the CD3+ T cell compartment. 
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5.3.4 Allergy-related endpoints 

Total-IgE level was determined at 6 years by ImmunoCAP (Pharmacia Diagnostics AB, 
Uppsala, Sweden) and analyzed as a continuous variable. 

Allergic sensitization was assessed at 6 years by skin prick tests (SPT) and measurements of 
specific-IgE against house dust mites, cat, dog, horse, birch, grass, mugwort, and molds as 
previous detailed.336 SPT was done using allergen extracts (ALK Abello, Soluprick® SQ, 
Copenhagen, Denmark) defining a positive test as any wheal ≥3mm. Specific-IgE levels were 
measured with ImmunoCAP (Thermo Fisher Scientific, Uppsala, Sweden), defining a positive 
test as any specific-IgE level ≥0∙35kUA/L. Sensitization was analyzed as a dichotomized 
variable, separately for SPT and specific-IgE as the overlap between test results is poor at 
young age.337 

Allergic rhinitis at age 7 was diagnosed by the COPSAC pediatricians based on a parental 
interview on the child’s history of symptoms.338 Significant sneezing or blocked or runny nose 
affecting the wellbeing of the child in the past 12 months in periods without cold or flu defined 
rhinitis. The diagnosis required sensitization and congruence between symptoms and allergen 
exposure. 

Statistical analysis 

Initially, supernatant levels of cytokines in response to bacterial stimulations were adjusted by 
subtracting the baseline levels of cytokines secreted by PBMCs incubated with sterile media. 
Thereafter, the levels were square root-transformed. If an individual did not produce a 
measurable cytokine response in PBMCs after bacterial stimulation (non-responders), the 
cytokine level was set to zero. 

First, we analyzed the association between the cytokines released upon bacterial stimulations 
at 6 months and total-IgE level (log-transformed), allergic sensitization by SPT (yes/no) and 
elevated specific-IgE (yes/no), and allergic rhinitis (yes/no) during the first 7 years of life using 
linear and logistic regression models. The associations with outcomes for cytokines from each 
bacterial stimulation were analyzed using forward stepwise selection while retaining IL-2. If 
the final model had multiple independent variables they were compared with a null model by 
ANOVA for goodness of fit. If only IL-2 was retained in the final model, the hypothesis test for 
its coefficient was used as assessment of goodness of fit. Only the models with significant 
overall p-values (≤0.05) are discussed in detail.  

Thereafter, we conducted a data-driven principal component analysis (PCA) on the 21 
independent variables (3 bacterial stimulation x 7 different cytokines) to capture immune 
patterns in the data, using principal component 1 to 4 (PC1-4) from the model for association 
analyses with the outcomes.  

We also analyzed the association between T cell subsets and allergy-related outcomes. T cell 
composition data was transformed by isometric log ratio (ilr) using sequential binary 
partitioning and their association with outcomes was analyzed by multiple regression 
models.321 

All analyses were conducted with R version 3.4.2.339 The results are reported with 95% CI and 
p-values ≤0.05 were considered statistically significant. 
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5.4 RESULTS 
5.4.1 Baseline characteristics  

A total of 331 (81%) of the 411 infants in the cohort had PBMCs collected at age 6 months, 
which were subsequently exposed to H. influenzae, M. catarrhalis, and S. pneumoniae for 
assessment of the immune response by measuring supernatant cytokine levels. The T cell 
immune phenotyping and immune responses are described in Tables 3-4. Of the 331 infants, 
259 (78%) had measurements of total-IgE (mean level, 117∙6 IU/mL), 270 (82%) had SPT 
(N=251) and/or sIgE (N=259) with 100 (30%) being sensitized to one or more allergen either 
by SPT (N=40) and/or sIgE (N=94). Allergic rhinitis was assessed in 254 (77%) with a 
prevalence of 13% (N=34) by age 7 years.  

A comparison between children with vs. without immune response data has previously been 
published showing no differences.9,10    

Table 3. Supernatant cytokine levels in response to pathogenic airway bacteria at 6 months 
(n=331). IQR, Interquartile range. 

 Control, median 
(IQR) 

H. influenzae, 
median (IQR) 

M. catarrhalis, 
median (IQR) 

S. pneumoniae, 
median (IQR) 

Cytokine 
supernatant 

    

IL-2 (pg/ml) 0.8 (0-4.2) 4.8 (1.2-14.6) 12.2 (3.2-28.5) 9.5 (1.4-41.8) 

IL-10 (pg/ml) 0.0 (0-1) 15.0 (2.2-60.2) 22.5 (3.9-77.6) 1.8 (0-9.9) 

IFN-γ (pg/ml) 0.4 (0-1) 4.5 (0.3-77.9) 19.9 (0.8-233.9) 1.4 (0.2-12.2) 

TNF-α (pg/ml) 1.5 (0.5-4.1) 35.5 (8.2-169.2) 54.2 (17.7-201.7) 21.5 (5.2-101) 

IL-5 (pg/ml) 0.0 (0.0-0.0) 0.0 (0.0-0.4) 0.4 (0.0-2.4) 0.0 (0.0-0.6) 

IL-13 (pg/ml) 0.0 (0.0-0.0) 14.9 (0.0-75.5) 60.4 (5.7-203.3) 10.9 (0.0-71.6) 

IL-17A (pg/ml) 0.0 (0.0-1.8) 1.9 (0.0-12.6) 9.4 (0.5-43.0) 2.2 (0.0-17.6) 

Table 4. Composition of T cell compartment at 6 months (n=242). IQR, Interquartile range. 

T cell profile Median(IQR) 

Helper T cells (%) 68.5(62.6-72.4) 

Cytotoxic T cells (%) 24.1(20.6-29.8) 

Regulatory T cells (%) 2.3(1.8-2.9) 

γδ T cells (%) 3.0(2.2-3.9) 

Invariant NK T cells (%) 0.1(0.1-0.1) 

5.4.2 Bacteria-induced immune response and allergy-related outcomes  

Total-IgE  

Multiple regression analyses showed inverse associations between IL-2 production in 
response to H. influenzae and M. catarrhalis at age 6 months and total-IgE level at age 6 years: 
IL-2-coefficienthi=-0∙183 [95% CI; -0∙324, -0∙043], p=0∙011 and IL-2-coefficientmc=-0∙150 [-
0∙282, -0∙018], p=0∙027, respectively. The IL-2 association was only seen in response to the 
Gram-negative bacteria H. influenzae (pFtest=0∙028) and M. catarrhalis (PFtest=0∙024), whereas 
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the model using cytokine data in response to the Gram-positive bacteria S. pneumoniae was 
not better than the null model (PFtest=0∙139): IL-2-coefficientsp=0∙151 [0∙001, 0∙301], p=0∙0503 
(Figure 8).  

 

Figure 8.  Association between cytokines upon stimulation with H. influenzae, M. catarrhalis and 
S. pneumoniae and log transformed total IgE, allergic sensitization determined by skin prick test 
and specific-IgE levelat 6 year, and allergic rhinitis at 7 year.   

Besides IL-2, the production of IFN-Ƴ and TNF-α in response to H. influenzae and M. 
catarrhalis were positively associated with total-IgE level: IFN-Ƴ-coefficienthi=0∙019 [0∙000, 
0∙0367], p=0∙046, and TNF-α-coefficientmc=0∙159 [0∙027, 0∙290], p=0∙019, respectively.  

The result of a PCA analysis to identify individual cytokine profiles in response to the bacteria 
is depicted in Figure 9 and Figure e1. The PCA association analysis for total-IgE confirmed 
the findings from the regression models. The cytokine pattern in PC2 from M. catarrhalis was 
inversely associated with total-IgE level (p=0∙032) and the same trend was seen for PC2 from 
H. influenzae stimulation (p=0∙051); i.e. higher total-IgE was associated with a decreasing 
score dominated by IL-2 (Figure 9).  

Allergic sensitization  

Higher IL-5 secretion in response to S. pneumoniae was significantly associated with 
sensitization diagnosed by sIgE at age 6: ORsc=1∙678 [1∙069, 2∙633], p=0∙024, although the 
overall model with inclusion of all cytokines was not significantly better than the null model 
(overall p-value=0∙080). No associations were observed between the immune response to the 
other bacterial stimulations and development of allergic sensitization determined by neither 
sIgE nor SPT (Figures 8-9).  

Allergic rhinitis  

IL-2 in response to M. catarrhalis and IL-13 in response to H. influenzae were inversely 
associated with allergic rhinitis by age 7: ORmc=0∙495 [0∙273, 0∙898], p=0∙021, and ORhi=0∙429 
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[0∙197, 0∙933], p=0∙033; i.e. higher IL-2 and IL-13 production reduced the risk of allergic rhinitis. 
We also found that elevated IL-5 in response to all the bacterial stimulations increased the risk 
of allergic rhinitis: ORhi=1∙954 [1∙037, 3∙681], phi=0∙038, ORmc=1∙569 [1∙056, 2∙330], pmc=0∙026, 
and ORsp=1∙614 [1∙070, 2∙434], psp=0∙022. The multiple regression models were all 
significantly better than the null models: pchisq=0∙048 for H. influenzae, pchisq=0∙017 for M. 
catarrhalis, and pchisq=0∙046 for S. pneumoniae (Figure 8).  

The results from the PCA supported the main findings from the regression analyses regarding 
IL-5 and IL-2, but not for IL-13. We found an inverse association between development of 
allergic rhinitis and the immune pattern in PC3 upon M. catarrhalis stimulation (p=0∙038), i.e. 
lower IL-2 and higher IL-5 from PBMCs at 6 months increased the risk of allergic rhinitis at 
age 7. In addition, a decreasing PC4 score from the H. influenzae stimulation was significantly 
associated with risk of allergic rhinitis, i.e. lower IL-17A and higher IFN-γ release increased 
the risk of allergic rhinitis (p=0∙048) (Figure 9).  

 

 

Figure 9.  Association between cytokine profiles from 6 month (n=331) upon stimulation with H. 
influenzae, M. catarrhalis and S. pneumoniae and log transformed total IgE, allergic sensitization 
determined by skin prick test and specific-IgE level at age 6 and allergic rhinitis at age 7. 

A. Cytokine loadings of PC1 to PC4 from principle components analysis (PCA). 

B. Ordinary least square regression for log transformed total-IgE level and simple logistic regression 
for the rest clinical outcomes was each regressed on PC1-4.  
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Sensitivity analysis 

As many of the children did not produce any IL-5 in PBMCs after bacterial stimulations (IL-5 
non-responders), we conducted a sensitivity analysis excluding these (Table e1). This showed 
similar results for the univariate association between IL-5 and allergic rhinitis by age 7: 
ORhi=2∙532 [1∙127, 5∙690], phi=0∙025, ORmc=3∙231 [1∙274, 8∙200], pmc=0∙014, and ORsp=1∙729 
[1∙084, 2∙757], psp=0∙021, and the multiple regression models were also significantly better 
than the null models: pchisq=0∙040 for H. influenzae, pchisq=0∙001 for M. catarrhalis, and 
pchisq=0∙048 for S. pneumoniae (Figure e2). The PCA results were consistent showing an 
inverse association between allergic rhinitis and the immune pattern in PC3 upon stimulations 
from both M. catarrhalis (p=0∙036) and H. influenzae (p=0∙038) (Figure e3).  

5.4.3 T cell compartment composition 

To study if the cytokine response profiles were related to an underlying difference in T cell 
subsets, we examined the T cell compartment composition in relation to the allergy-outcomes. 
The relative ratios of γδ T cells and iNKT cells amongst all T cells were associated with total-
IgE level at age 6, but in opposite directions with an inverse association identified for iNKT 
cells (p=0∙030), and positive association for γδ T cells (p=0∙022) (Figure 10, Figure e4). No 
associations between the relative ratio of Tregs and development of allergy-related outcomes 
were observed (Figure 10).    

 

Figure 10.  The association between T cell compartment at 6 month and allergy outcomes at age 
of 6 year.  

5.5 DISCUSSION 

Main findings 

An attenuated IL-2 response to stimulation with the common Gram-negative pathogenic 
airway bacteria H. influenzae and M. catarrhalis in PBMCs collected at age 6 months was 
associated with elevated total-IgE at age 6 years. Furthermore, both reduced IL-2 and 
increased IL-5 production were associated with a higher risk of developing allergic rhinitis 
during the first 7 years of life. Altogether, these findings suggest a role of diminished IL-2 and 
increased IL-5 in development of allergy-related traits in early childhood.  
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Strengths and limitations 

This is the first prospective cohort study to investigate infant’s bacterial immune responses in 
PBMCs, which was done in a comprehensive manner by analyzing several cytokines of the 
Treg, Th1, Th2, and Th17 cells. The prospective nature of our study and the storage of PBMCs 
at age 6 months provide a unique possibility to investigate functional immunological properties 
in infancy before onset of allergy-related outcomes. As the PBMCs were collected in 
asymptomatic infants before onset of allergic disease, the bacterial immune response is 
unlikely to be affected by immune dysfunction caused by ongoing disease-driven inflammation.  

It is an advantage of the study that the children participating in the COPSAC2000 cohort solely 
used the COPSAC research pediatricians for diagnosis and treatment of any asthma and 
allergy-related disease. All diagnoses were done based on rigid standardized algorithms 
providing highly reliable homogeneous clinical outcomes.  

It is a limitation that this was an in vitro study that may not reflect the complexity of the immune 
responses in vivo. Importantly, many of the infants stored PBMCs did not produce a 
measurable IL-5 response to any of the bacterial stimulations. However, analyses including 
the IL-5 non-responders as zeros as well as analyses excluding the non-responders showed 
similar associations with the clinical endpoints. 

It is a limitation that the results are based on one concentration of antigen performed at one 
time point (40 hours culture). Therefore, we are not able to determine how the results would 
look like at different time points and by stimulating with different concentrations, which is 
particularly important for IL-2, which is consumed in the cultures. However, this would have 
been of greater importance if we had not detected an association between IL-2 PBMC 
responses and allergy-outcomes. 

Finally, it is a limitation that all the children participating in the cohort were born to mothers 
with a history of asthma, which may hamper the external validity of our findings. 

Interpretation  

In this study, we aim to identify immune patterns in infancy in response to different bacteria in 
relation with development of allergic disorders in the first 7 years of life. The bacterial 
stimulations were chosen as we previously demonstrated that one-month-old infants colonized 
in the airways with H. influenzae, M. catarrhalis, and/or S. pneumoniae had an increased risk 
of asthma at age 5 years.1 However, no direct link was shown between neonatal airway 
colonization with these bacteria and allergic outcomes, but studies indicate that environmental 
exposure to certain bacteria or bacterial components like lipopolysaccharide, which is 
contained in H. influenzae and M. catarrhalis, are associated with risk of allergic sensitization 
in childhood.33,340,341  

We speculate that our finding of a reduced IL-2 production in concert with increased IL-5 to 
stimulations with the Gram-negative bacteria H. influenzae and M. catarrhalis may be caused 
by imbalanced Treg and Th2 populations and thereby increase the risk of developing allergic 
diseases. This finding may be of clinical importance as low-dose IL-2 therapy is being 
investigated with the purpose of expanding the Treg population in several diseases. We did 
not observe similar findings when analyzing the cytokine responses from the Gram-positive S. 
pneumonia stimulation, which may be due to the fact that this type of bacteria does not contain 
the innate immune ligand lipopolysaccharide. 

Recent clinical trials have studied the tolerability and efficacy of low-dose IL-2 therapy in the 
treatment of autoimmune disorders and graft-versus-host disease.342–346 All trials reported the 
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therapy to be safe and effective in mediating sustained expansion of systemic Tregs with 
clinically relevant improvement in patients with HCV-induced vasculitis,342 alopecia areata,346 
and graft-versus-host disease.345 We speculate that low-dose IL-2 therapy may have a 
beneficial role on allergy and propose initiation of clinical trials in children with allergy and 
subsequently trials investigating low-dose IL-2 as a possible therapeutic intervention or a 
prophylactic regimen in high-risk infants. Due to the proposed early window of immune 
programming for regulatory T cell development,347 it might be speculated to be even more 
important to propagate Treg development in early infancy, once an impaired IL-2 production 
has been detected. We here addressed the question of IL-2 production in PBMCs collected at 
6 months of age, as bacteria-specific T cells will have been expanded at this age if the child 
has been exposed to the given bacteria in vivo. This is in contrast to studies performed on 
cord blood. We selected a relatively short stimulation protocol of 40 hours with the aim of 
examining specifically the bacteria-specific memory and effector T cells present in the PBMC 
fraction that would be more readily activated for cytokine production than naïve T cells, which 
require a longer protocol. Although this study examines immune programming prior to disease 
development, it might also be valuable to use IL-2 therapy in already diseased individuals. 
Prior to trials in allergic diseases, it would valuable to investigate IL-2 PMBC responses in 
children with vs. without ongoing symptoms of allergic rhinitis. 

Although IL-2 has pleiotropic effects and works on other types of Th effectors, the efficacy and 
specificity of low dosage IL-2 therapy may be supported by the selective responsiveness of 
Tregs against low does IL-2. It was reported that due to an enhanced expression of the IL-2 
receptor (α and Ƴ chain) and promoted activity of endogenous serine/threonine phosphatase 
protein phosphates 1 and/or 2A in Tregs about 10-100 fold lower levels of IL-2 was required 
to activate STAT5 in Tregs compared to the levels needed for memory T cells or activated T 
cells. 348 

It is possible that reduced IL-2 production during the continuous immune activation induced 
by the host microbiome in infancy could affect the risk of developing allergic disease. It is 
recognized that the microbiome plays a key role in development of the immune system and 
the establishment of homeostatic tolerance by Tregs.279,349,350 Thus, infants who respond to 
bacteria with lower IL-2 production could have an imbalanced immune system with blunted 
Treg function leading to proneness to develop higher circulating IgE levels, diminished control 
of tolerance to allergens, and subsequently develop symptomatic disease such as rhinitis.  

We have previously within the same cohort reported abnormal bacterial immune response in 
PBMCs in infants developing asthma later in childhood.2 The immune responses associated 
with asthma were dominated by increased Th2 cytokines (IL-5 and IL-13) in response to the 
same three pathogenic airway bacteria. However, in contrast to the current findings, no 
associations existed between IL-2 release and development of asthma, which underlines 
different immune patterns driving the heterogeneous phenotypes of allergy and asthma and 
suggests that low-dose IL-2 therapy might be targeted solely to the allergic phenotype. This 
fits well with a recent study from a food allergy mouse model showing that low dose IL-2 
treatment could control the allergic inflammatory process by inducing expansion and activation 
of the Treg population. 344 Further experimental studies of i.e. allergen-specific stimulations of 
human PBMCs are needed to determine whether IL-2 therapy should solely be targeted to the 
allergic phenotype.  

Higher IL-13 production upon bacterial stimulation of the PBMCs was observed to reduce the 
risk of allergic rhinitis, which was however not significant in the multivariate PCA approach. 
This is an unexpected finding as co-expression of IL-4, IL-13 and IL-5 are normally observed 
in patients with ongoing symptoms of rhinitis. A non-coordinate expression of IL-4, IL-13 and 
IL-5 can occur when distinct Th2 clones produce each cytokine individually. Thus, the 
discrepancy in expression of IL-5 and IL-13 may suggest a transient expression pattern 
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associated with the initial stage of Th2 priming as we investigated the response from 
stimulated PBMCs in 6-month-old asymptomatic infants long before onset of any symptoms 
of allergic rhinitis.  

Our T cell compartment data showed an association between the composition of γδ T cells 
and total-IgE level suggesting a possible function of γδ T cells in the development of allergic 
diseases. Such association has previously been reported in children with atopic dermatitis 
aged 1 to 10 years, whereas no association was observed for total-IgE level within these 
children with atopic dermatitis.351 Finally, we also identified an inverse association between 
the composition of iNKT cells and total-IgE, which is consistent with previous findings in adult 
asthmatics.352  

Conclusion 

Reduced IL-2 production and increased IL-5 from PBMCs in response to bacterial stimulations 
in early life were associated with development of elevated total-IgE and allergic rhinitis during 
the first 7 years of life. This finding is of possible clinical relevance as experimental studies 
have shown that low-dose IL-2 therapy can restore immune tolerance by expansion of Tregs. 

5.6 SUPPLEMENTARY PLOTS AND FIGURES 

 

Table e1. Supernatant IL-5 levels in response to pathogenic airway bacteria at 6 months (n=239). 

 Control, median 
(IQR) 

H influenzae, 
median (IQR) 

M catarrhalis, 
median (IQR) 

S pneumoniae, 
median (IQR) 

Cytokine 
supernatant 

    

IL-5 (pg/ml) 0·0 (0-0·04) 0·12 (0-0·77) 1·29 (0·24-4·11) 0·14 (0-1·25) 

 

Figure e1.  The score plots of principle components 1-4 (PC1-4) from principle components 
analysis (PCA) based on cytokine profiles from 6 month (n=331) upon stimulation with H. 
influenzae, M. catarrhalis and S. pneumoniae. The 90% confidence ellipse are added.  
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Figure e2.  Sensitivity analyses of the association between selected cytokines and allergic 
rhinitis  

Association between cytokines from age 6 month (n=239) after removal of the IL-5 non-responders 
upon stimulation with H. influenzae, M. catarrhalis and S. pneumoniae and allergic rhinitis 
(case/control=27/120) at 7 year 

 

Figure e3.  Cytokine loadings of PC1 to PC4 from principle component analysis (PCA) after 
removal of IL-5 non-responders. 
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Figure e4.  The scatter plot about association between T cell compartment and log transformed 
IgE level at age 6  
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6 INNATE IMMUNE RESPONSES TO BACTERIA AND VIRUSES 
MEDIATE THE EFFECT OF THE 17Q21 HIGH-RISK LOCUS 
ON CHILDHOOD ASTHMA  

Ni Wang, MSc; Susanne Brix, MSc, PhD; Jeppe M. Larsen, MSc, PhD; Anna H. 
Thysen, MSc, PhD; Christopher T. Workman, MSc, PhD;  Morten A. Rasmussen, MSc, 
PhD; Jakob Stokholm, MD, PhD; Klaus Bønnelykke, MD, PhD; Hans Bisgaard, MD, 
DMSc; Bo L. Chawes, MD, PhD, DMSc. 

Manuscript in preparation  

6.1 ABSTRACT 

Background: Several asthma risk loci that relate to immune functions have been identified 
by genome-wide association studies, but the underlying mechanisms have not been 
uncovered. 

Objective: To examine whether perturbed innate immune responses are part of the causal 
pathway between identified risk variants and asthma using mediation analysis. 

Methods: Peripheral blood mononuclear cells (PBMCs) collected from 336 infants at 6 months 
of age from the Copenhagen Prospective Studies on Asthma in Childhood 2000 
(COPSAC2000) mother-child cohort were stimulated with six different innate ligands (LPS, 
CpG, poly(I:C), R848, HDMAPP, alum crystals together with low LPS) ex vivo followed by 
quantification of supernatant levels of 18 cytokines by immunoassays. The innate immune 
response profiles were decomposed by principal component (PC) analysis and represented 
by PC1-5, which were used in mediation analyses between 25 lead risk variants from a recent 
meta-genome-wide association study and investigator-diagnosed childhood asthma-
endpoints through age 7.  

Results: The effects of two variants from the 17q21 locus on asthma and asthma 
exacerbations were significantly mediated by the immune profiles in response to ligands 
mimicking bacterial DNA (CpG) and double-stranded viral RNA (poly(I:C)). PC3 from both 
CpG and poly(I:C) stimulations significantly mediated 18.4% and 12.1% of the increased risk 
of asthma through age 7 from ORMDL3 with pCpG=0.03 and ppoly(I:C)=0.02. PC3 from CpG 
stimulation significantly mediated 15.4% and 18.1% of the increased risk of exacerbations 
before age 3 from GSDMB (p=0.04) and ORMDL3 (p=0.01). The most prominent cytokine in 
the significant immune profiles involved enhanced IL-23.  

Conclusion: These results indicate that the 17q21 locus confer an increased risk of childhood 
asthma and exacerbations via deregulated production of IL-23 in response to intracellular 
bacterial and viral ligands. This response may promote ineffective neutrophilic recruitment to 
the lungs via innate lymphoid cell (ILC) 3 or Th17 activation. 

6.2 INTRODUCTION 

Heritability may explain as much as 25-80% of childhood asthma.252 Several asthma risk loci 
and their lead single-nucleotide polymorphisms (SNPs) have been identified by independent 
genome-wide association studies (GWAS)353 ,22,16,274 and a recent large consortium-based 
meta-GWAS study involving different ethnic groups confirmed multiple risk loci for asthma and 
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suggested their involvement in immune regulation by demonstrating enrichment in the 
enhancer regions of immune cells.263 Possible biological mechanisms underlying these 
associations have been suggested by functional studies, including altered metabolic pathways 
and aberrant expression of immune mediators.354 However, it remains to be elucidated how 
the replicated genetic variants, e.g.ORMDL3, GSDMB and CDHR3, affect immune regulation 
in early life and lead to an increased risk of asthma in childhood. 

In the Copenhagen Prospective Studies on Asthma in Childhood 2000 (COPSAC2000) birth 
cohort we harvested peripheral blood mononuclear cells (PBMCs) at age 6 months and 
subsequently quantified the innate immune response by measuring levels of cytokines 
secreted in response to in vitro stimulations with a panel of six different bacterial and viral 
ligands. In the current study, we aimed to investigate whether the early life innate immune 
response represented by these six different signaling pathways mediates the relationship 
between replicated risk alleles and development of childhood asthma and lung function traits 
in the first 7 years of life. 

6.3  METHODS 
6.3.1 Study cohort 

This study is part of the COPSAC2000 prospective clinical mother-child cohort study, which 
enrolled 411 children born to mothers with active or previous doctor-diagnosed asthma in the 
Copenhagen metropolitan area during the period 1998-2001, previously described in 
details.355,334 In brief, the children were enrolled at age 1 month and were followed at the 
COPSAC clinical research unit with scheduled 6-monthly visits until age 7 years as well as at 
incidences of acute respiratory symptoms.1,356 The families used COPSAC as their primary 
health care facility for the diagnosis and treatment of any airway, allergic or skin symptoms, 
strictly adhering to predefined, validated algorithms. 1,356 

The study was approved by the Copenhagen Ethics Committee (KF 01-289/96), the Danish 
Data Protection Agency (2002-41-2434), and followed the principles of the Declaration of 
Helsinki. We followed Good Clinical Practice guidelines for data validation and quality control. 
Written and oral informed consent was obtained from the parents at enrolment prior to any 
study related procedures.  

6.3.2 Bacterial and viral ligand stimulation of PBMCs 

The assessment of the innate immune response from PBMCs upon bacterial and viral ligand 
stimulations was similar to whole bacterial stimulations described previously.83,3 PBMCs were 
isolated by density centrifugation from blood samples collected at 6 months of age and stored 
for up to 12 years at -140oC. After thawing, the cells were stimulated in U-bottomed 96-well 
plates at 5x105 cells/well; 200µL total volume/well in complete media (RPMI 1640 medium 
completed with 2mM L-glutamine (Cambrex, East Rutherford, NJ), 0.1 M HEPES (Lonza), 100 
U/ml penicillin/streptomycin (Lonza) and 10% heat-inactivated fetal bovine serum) for 40 hours 
at 37oC and 5% CO2 in a humidified incubator with addition of one of 6 ligands activating 
different innate immune pathways (lipopolysaccharide (ultrapure E. coli LPS (tlrl-pelps, 
Invivogen, France), 200ng/mL)), unmethylated cytosine poly guanosine DNA (CpG (ODN2216, 
TIB MOLBIOL, Berlin), 30µg/mL), polyinosinic:polycytidylic acid (poly(I:C) (tlrl-picw-250, 
Invivogen, France), 50µg/mL), resiquimod (R848 (tlrl-r848-250, Invivogen, France), 2 µg/mL), 
1-hydroxy-2-methyl-2-buten-4-yl 4-diphosphate (HDMAPP (I-M055, Echelon Biosciences, 
USA), 0.1 µg /mL) and aluminum potassium sulfate (alum crystals (tlrl-alk, Invivogen, France), 
100 µg /mL) in concert with low dose LPS (5ng/mL) (lowLPSalum) or complete media alone 
(unstimulated). Supernatants were harvested and stored at -80oC until the quantification of the 
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following 18 cytokines: IFN-γ, IL-12p70, IL-18, IL-4, IL-5, IL-13, IL-31, CCL17, CCL24, IL-1β, 
IL-6, IL-17A, IL-23, CCL20, CXCL8, IL-22, CCL27 and IL-10 levels by customized multiplex 
immunoassays from MesoScale Discovery read on a Sector Imager 6000 (MSD, Gaithersburg, 
MD, USA). All assays were highly sensitive (Median and IQR of each cytokine are given in the 
Online Methods, Table E1).  

6.3.3 Asthma risk loci 

We selected 25 top SNPs (Online Table E2) from replicated asthma risk loci encompassing 
RAD50, IL33, IL1R1, DENND1B, CDHR3, ORMDL3, GSDMB, NDFIP1/GNDPA1/SPRY4, 
GPX5/TRIM27, BACH2/GJA10/MAP3K7, STAT6/NAB2/LRP1, ZNF652/PHB, 
MICB/HCP5/MCCD1, GATA3/CELF2, TPD52/ZBTB10, CLEC16A/DEXI/SOCS1, 
IL1RL1/IL1RL2/IL18R1, TSLP/SLC25A46, IL4/IL13/RAD50, HLA-DRB1/HLA-DQA1, 
RANBP6/IL33, EMSY/LRRC32, RORA/NARG2/VPS13C, SMAD3/SMAD6/AAGAB, 
ERBB2/PGAP3/MIEN1 genes based on a recent meta-GWAS and other GWAS 
stuides.353,22,263 Allelic discrimination of those SNPs in COPSAC2000 was investigated by 
genome-wide genotyping using the Infinium HumanOmniExpressExome BeadChip Kit 
(Illumina, San Diego, Calif). Sample and marker quality control were performed as previously 
reported.263  

6.3.4 Clinical endpoints 

Asthma was diagnosed based on a predefined, previously validated diagnostic algorithm,1 
requiring all of the following: (1) recurrent wheeze, i.e. diary recordings of at least 5 episodes 
of troublesome lung symptoms within the preceding 6 months, each lasting at least 3 days; (2) 
symptoms typical of asthma, e.g. exercise-induced symptoms, prolonged nocturnal cough, 
persistent cough outside common cold; (3) rescue use of inhaled short-acting bronchodilator; 
and (4) response to a 3-month trial of inhaled corticosteroids and relapse after end of treatment.  

Persistent asthma was diagnosed in children fulfilling the above diagnostic criteria at any time 
point during childhood and still needing inhaled corticosteroids to control their symptoms in 
the 7th year of life, whereas transient asthma denotes children fulfilling the diagnostic criteria, 
but outgrowing their symptoms before age 7. 

Asthma exacerbations were defined by symptoms requiring hospitalization, oral prednisolone 
(1-2mg/kg for 3 to 7 days) or high-dose ICS treatment (at least 1600mcg budesonide per day 
for 14 days).275If the child was admitted directly to the hospital without involvement of the 
COPSAC research unit, hospital records were retrieved and reviewed to confirm that symptom 
history and treatment fulfilled the above criteria. 

Lung function at age 6: Spirometry was performed using a MasterScope Pneumoscreen 
spirometer (Erich Jäeger, Würzburg, Germany). A minimum of three tests with a within-test 
difference in forced expiratory volume in the first second (FEV1) of maximum 10% was 
completed. The best FEV1 and the corresponding maximal mid-expiratory flow (MMEF) were 
used in the analysis after calibrating the values for age, sex and height. 

Whole-body plethysmography was done using a MasterScope sealed bodybox (Erich Jäeger, 
Würzburg, Germany). A minimum of two assessments of specific airway resistance (sRaw) 
with a within-test difference of maximum 0.3 kPa/s were obtained, using the mean of the two 
measurements in the analysis after calibrating the values for age, sex and height. 

Bronchial responsiveness was assessed by measuring FEV1 after a saline inhalation and after 
subsequent inhalations of methacholine in quadrupling dose steps (APS Pro, CareFusion, 234 
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GmbH, Germany).357 The provocative dose of methacholine producing a 20% fall in FEV1 
(PD20) was estimated from the dose-response curve fitted with a logistic function.  

Lower respiratory tract infections (LRTI) at age 0-3 years included pneumonia and bronchiolitis. 
Pneumonia was defined by significant cough, tachypnea, fever, and abnormal lung 
stethoscopy, whereas bronchiolitis was diagnosed in children with cough, tachypnea, chest 
retractions, auscultative widespread crepitation and/or rhonchi before age 1 year.358–360  

6.3.5 Covariates 

Covariates included a composite score for social circumstances (first principle component (PC) 
of PC analysis (PCA) of maternal educational level, annual family income, and maternal age); 
sex; older siblings; delivery mode; cat exposure at birth; parental smoking and passive 
smoking; antibiotic exposure during pregnancy; father history of eczema and asthma; mother 
history of eczema and allergy. Baseline characteristics of the covariates can be found in online 
Table E3.  

6.3.6 Statistical analysis  

Data transformation 

Initially, the supernatant levels of cytokines in response to the innate ligand stimulations were 
adjusted for background levels by dividing stimulated cell values with the corresponding 
baseline level secreted from unstimulated PBMCs for each child. Thereafter, the levels were 
log-transformed to improve normal distribution prior to the statistical analysis. To consider the 
synergistic effects among the cytokines, a PCA for each ligand was employed to decompose 
the 18-dimensional cytokine data structure into fewer components utilizing the first five PCs in 
the analyses.  

Models for SNPs 

Associations between genotypes and the clinical phenotypes were examined using linear, 
logistic, quasi-Poisson, and a cox proportional hazard regression model based on the type of 
clinical endpoints. Genotypes with significant effect on clinical endpoints (p<0.05) were further 
studied by mediation analysis. All SNPs were analyzed by an additive model (0, 1 or 2 risk 
alleles) with the exception of the two lead SNPs from the 17q21 locus, which were examined 
using a recessive model. 

Mediation analysis 

Our current work was mainly built upon a causal mediation analysis generated by a mediation 
package from R.ref.361,323 This package was written according to the potential outcome 
framework using a simulation-based method consisting of two regression model based 
equations for estimating the casual mediation effect. This approach was a generalized method 
and was applicable to both linear and non-linear model as well as non/semi-paramatric models, 
for different types of mediators and outcome variables.  

The total effect of the selected SNPs on the specific clinical outcome was decomposed into a 
direct effect (ADE in the mediation output), which was independent of the immune responses, 
and indirect effect (ACME in the mediation output), which was mediated by the immune 
responses. Hence, the indirect effect (ACME) was the term we were interested in as this is 
the part of the SNP vs. clinical outcome effect mediated via the innate immune response. 
Ingrained with all types of mediation analysis is bias brought by confounders, which can be 
removed by adjusting for those confounders in the corresponding regression-based models 
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while performing the mediation analysis. We selected potential confounders based on the 
immune profiles, which showed a significant mediating effect in the unadjusted mediation 
analysis. Covariates associated with either the immune profile PCs and/or the clinical 
endpoints were subsequently included in the mediation analysis and an adjusted mediation 
effect was obtained in addition to the unadjusted mediation effect. 

All analyses were performed in R with the packages: mediation.  

6.4  RESULTS 
6.4.1 Baseline characteristics  

A total of 336(82%) of the 411 infants in the COPSAC2000 cohort had both genotyping and 
PBMCs collected at age 6 months, which were subsequently stimulated with six different 
ligands mimicking various bacterial and viral pathogen-associated molecular patterns (PAMPs) 
for assessment of the secreted cytokine response by innate immune cells. Baseline results of 
the immune assessments are shown in Online Table E1.   

Among the 336 infants, 62 (18.5%) developed asthma at some point in their first 7 years of 
life: 25 (40%) had transient asthma, and 37 (60%) had persistent asthma. At age 6 years, 225 
(67%) of the 336 children had available PD20 data, 257 (76%) had spirometry assessments 
of FEV1 and 254 (76%) had MMEF data, and 255 (76%) had measurements of airway 
obstruction determined by sRaw. Acute asthma exacerbations occurred in 53 (19%) of the 
children before age 7 and LRTI before age 3 was recorded in 165 (56%) of children. Baseline 
characteristics and descriptive statistics of clinical endpoints are given in Table E3. 

A comparison of the 336 children included in the study versus the 75 excluded children is 
outlined in Table E3, showing that the children included in the study did not suffer from 
selection bias. 

6.4.2 SNPs, innate immune profiles and clinical phenotypes 

First, we examined the association between the selected asthma risk SNPs and the clinical 
phenotypes (the SNP allele frequencies among 336 included children are shown in Online 
Table E2). Several of the selected SNPs were associated with the clinical phenotypes (Figure 
11).  

Particularly, we observed that SNPs in the 17q21 locus, rs7216389 in the ORMDL3 gene and 
rs2305480 in GSDMB, were associated with an increased risk of developing asthma in the 
first 7 years of life: ORMDL3, HR=1.80[1.12, 2.90], p=0.01 and GSDMB, HR=1.73[1.04, 2.86], 
p=0.03. In particularly transient asthma: ORMDL3, OR=2.60[1.16, 5.82], p=0.02 and GSDMB, 
OR=2.78[1.15, 6.72], p=0.02, increased number of acute asthma exacerbations until age 7: 
ORMDL3, RR=2.23[1.17, 4.27], p=0.02 and GSDMB, RR=2.15[1.03, 4.47], p=0.04, and 
increased number of LRTI from 0-3 years of age: ORMDL3, RR=1.50[1.13, 1.99], p=0.01 were 
associated with the asthma risk alleles. 

Second, we analyzed the associations between asthma SNPs and the ligand-stimulated 
immune profiles captured in PC1-5, restricting the analyses to SNPs showing effects on the 
clinical phenotypes. Several statistically significant relationships were observed as shown in 
Figure 12A. Of note, both ORMDL3 and GSDMB genotypes were significantly associated with 
the poly(I:C)-stimulated immune profile captured in PC3, and the ORMDL3 genotype was 
further associated with the CpG-stimulated immune profiles in PC3. These SNPs were also 
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both significantly associated with several of the asthma-related clinical phenotypes outlined in 
Figure 11.  

 

Figure 11.  Total effect of risk SNPs on asthma, number of exacerbations, and lung function until 
age 7, and number of lower respiratory tract infections until 3 years of age.  

SNP variants are designated by the names of their associated genes. The association of SNPs and 
clinical endpoints were examined by regression analysis, where z/t represents test statistics of the 
coefficients for logistic regression or linear regression. Significant associations (p< 0.05) are labeled 
with an asterisk.  
Abbreviations: LRTI: Number of lower respiratory infections until 3 years of age. FEV1: A minimum of 
three tests with a within-test difference in forced expiratory volume in the first second. PD: The 
provocative dose of methacholine producing a 20% fall in FEV1. MMEF: maximal mid-expiratory flow. 
sRAW: A minimum of two assessments of specific airway resistance. 
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Figure 12. Associations between risk SNPs, clinical endpoints and immune profiles summarized 
by a principal component analysis.  

Immune cytokine profiles were generated based on stimulation of PBMCs from 6-month-old infants with 
six different ligands activating different arm of the innate immune system.  
A. The association between immune profiles and the clinically association SNPs (fig. 11) as examined 

by linear regression analysis. SNP variants are designated by the names of their associated genes 
B. Associations between immune profiles and clinical endpoints as examined by regression models. 

All significant associations are labeled with an asterisk. z/t represents test statistics of the 
coefficients for logistic regression or linear regression.  

Abbreviations: LRTI: Number of lower respiratory infections until 3 years of age. FEV1: A minimum of 
three tests with a within-test difference in forced expiratory volume in the first second. PD: The 
provocative dose of methacholine producing a 20% fall in FEV1. MMEF: maximal mid-expiratory flow. 
sRAW: A minimum of two assessments of specific airway resistance. 

Third, we investigated associations between the ligand-stimulated innate immune profiles and 
the clinical phenotypes (Figure 12B). Amongst those immune profiles associated with 
ORMDL3 (Figure 12A), PC3 from CpG-stimulation and polyIC-stimulation were both strongly 
associated with development of asthma in the first 7 years of life: HRCpG=1.50[1.21, 1.86], 
pCpG=0.00; HRpoly(I:C)=0.76[0.61, 0.94], ppoly(I:C)=0.013, and CpG-PC3 was also associated with 
other asthma-related phenotypes (Figure 12B). The GSDMB linked immune profiles polyIC-
PC3 and R848-PC2 (HR848=0.84[0.71, 0.98], pR848=0.03) both associated with asthma 
development (Figure 12B). In the following mediation analysis, we investigated the mediation 
effect of all the immune profile (PC1-5 from 6 ligands) for the significant pairs of genotype and 
clinical phenotypes.  

6.4.3 Genotype-innate immune response-clinical phenotype mediation analysis 

The potential outcome mediation analysis was based on regression models with 5000 
bootstrap simulations and reported as the total effect, direct effect (ADE) and indirect effect 
(ACME) (Figure 13A).  
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Figure 13.  The significant mediation effect transmitted by innate immune responses to CpG and 
poly(I:C).  

A: The average indirect effect (ADE), the direct effect and the total effect (ACME) from raw and 
confounder adjusted mediation analysis. The confounding variables adjusted for are delivery mode 
(Cesarean), older sibling at birth, smoking during 3rd trimester, and antibiotic usage during 3rd trimester. 
B: The proportion of variance in the clinical endpoints explained by the innate immune profiles for CpG 

A 

B 
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and poly(I:C). C: Loading plots of the PCA components found to significantly mediate the effect of the 
risk SNPs on asthma and number of asthma exacerbations. 

Genotype to asthma development mediated via the innate immune response 

The mediation analysis for asthma until 7 years was based on an accelerated failure time (AFT) 
model in which a negative estimate suggests for a higher disease risk, i.e. less time needed 
to for development of asthma. Hence, the negative total effect mediated by CpG-PC3 
(EstimateCpG = -5.20[-23.90, -1.28], pCpG =0.03) and poly(I:C)-PC3 (Estimatepoly(I:C) = -3.04[-
13.00, -0.60], ppoly(I:C) =-0.02), illustrated that children with the minor variant ORMDL3 
(rs7216389) developed asthma faster as compared to those with the major variant (Figure 
13A and Table 5) and that they each explained 18.4% and 12.1% of the increased risk from 
ORMDL3 (rs7216389) on asthma, respectively (Figure 3B). Adjusting the mediation analysis 
for maternal use of antibiotics in 3rd pregnancy trimester, smoking in 3rd trimester, delivery by 
Cesarean section, older siblings at birth and father’s history of eczema, which were all 
associated with either immune profiles and/or clinical phenotypes (appendix Figure E1), did 
not change the outcome of the analysis (CpG-PC3: Estimate=-5.30[-18.70, -0.02] and 
poly(I:C)-PC3: Esitmate = -3.45[-12.70, -0.01]), explaining  17.3% and 12.8% of the increased 
risk of ORMDL3(rs7216389) on asthma, respectively (Table 5). 

Table 5. Mediation analysis for asthma 

 

Genotype and development of exacerbations until school-age is mediated via specific 
innate immune response  

The mediation analysis for exacerbations was based on a Poisson model in which the positive 
estimate suggested for a higher risk.  For the number of asthma exacerbation until 7 years of 
age, the PC3 immune profile derived from CpG stimulated PBMCs was found to significantly 
mediate the effect of both rs7216389 (ORMDL3, Estimate=0.12 [0.03, 0.32], p=0.01) and 
rs2305480 (GSDMB, Estimate=0.10 [0.01, 0.30], p=0.04), detailed information can be found 
in Figure 13A and Table 6. The immune profile represented by CpG-PC3 accounts for 18.1% 
and 15.4%, respectively of the total effect of rs7216389 and rs2305480 on increased risk of 
exacerbation. Confounding adjustment did not change the outcome of the mediation analysis 

Asthma 

ORMDL3 

Ligand Unadjusted Adjusted  

 Estimate(95%CI) Estimate(95%CI) term 

CpG -5.20(-23.90, -1.28) -5.36(-18.72, -0.02) Indirect effect 
(ACME) 

 -23.09(-69.29, -3.15) -25.61(-68.93, 5.15) Direct effect 
(ADE) 

 -28.3(-84.52, -8.28) -30.96(-81.39, -0.81) Total Effect 

polyIC -3.04(-12.98, -0.6) -3.45(-12.67, -0.01) Indirect effect 
(ACME) 

 -22.06(-59.69, -5.26) -23.58(-64.70, 0.77) Direct effect 
(ADE) 

 -25.10(-67.38, -8.12) -27.03(-73.40, -2.24) Total Effect 
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(ORMDL3: Estimate=0.09 [0.01, 0.24] and GSDMB: Estimate=0.11 [0.02, 0.27]), contribution 
of 14.8% and 17.6% respectively. 

The type of immune mediation effects  

Focusing on the immune patterns mediated by CpG-PC3 and poly(I:C)-PC3, it appears from 
the loading plots ( Figure 12C) that the immune mediation effect on childhood asthma and 
number of asthma exacerbations in children with the 17q21 locus risk variants (rs7216389 
(ORMDL3) and rs2305480 (GSDMB)) was driven by synergistic interplay between several 
cytokines. Enhanced production of IL-23 and IL-31 seemed to main contributors. However, 
we found no significant mediation by single cytokines (data not show), emphasizing the 
importance of the interrelationship between multiple cytokines in the mediation aggravated  
via CpG-PC3 and poly(I:C)-PC3.  

Table 6. Mediation analysis for Exacerbation 

Exacerbation 

CpG 

SNP Unadjusted Adjusted  

ORMDL3 Estimate(95%CI)  Estimate(95%CI)  term 

 0.12(0.03,0.32) 0.11(0.02,0.27) Indirect effect 
(ACME) 

 0.55(-0.05,1.34) 0.51(-0.08, 1.24) Direct effect 
(ADE) 

 0.67(0.07,1.49) 0.61(0.02,1.37) Total Effect 

GSDMB 0.10(0.01,0.30) 0.09(0.01, 0.24) Indirect effect 
(ACME) 

 0.57(-0.02, 1.27) 0.56(-0.03, 1.29) Direct effect 
(ADE) 

 0.67(0.06, 1.43) 0.65 (0.05, 1.42) Total Effect 

6.5 DISCUSSION  

By investigating the mediation effect of innate immune responses in infants, we identified a 
specific deregulated immune response to intracellular microbial recognition to aggravate the 
link between development of childhood asthma and number of asthma exacerbations until 7 
years of age and 17q21 locus SNP variants. The immune profile in stimulated PBMCs from 
affected children depended on an array of interacting cytokines, dominated by enhanced IL-
23 secretion. Advantages and limitations 

The prospective nature of our mother-child cohort study and the storage of PBMCs at age 6 
months provide a unique possibility to investigate functional immunological properties in 
infancy before onset of asthma-related outcomes. As the PBMCs were collected in 
asymptomatic infants, the innate immune response is less likely to be affected by 
immunological dysfunction caused by ongoing disease-driven inflammation. Furthermore, this 
is to our knowledge the first prospective clinical cohort study to perform a comprehensive 
investigation of the innate immune response in infants PBMCs across multiple ligands and 
cytokines of the Type 1 (IFN-γ, IL-12p70, IL-18), Type 2 (IL-4, IL-5, IL-13, IL-31, CCL17, 
CCL24), Type 17 (IL-1β, IL-6, IL-17A, IL-23, CCL20, CXCL8), Type 22 (IL-22, CCL27) and 
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regulatory (IL-10) associated responses. However, a limitation is that this was an in vitro study 
that may not reflect the complexity of the immune responses happening in vivo. 

Another advantage of this study is that mothers of all recruited infants were asthmatic and of 
Caucasian origin living in the Copenhagen area. This criterion ensures a relatively 
homogeneous genetic background of the study population thus eliminating the chance of 
possible confounders associated with population stratification. Moreover, another advantage 
of the study is that the children recruited by the COPSAC2000 cohort were primarily diagnosed 
and treated by COPSAC research pediatricians for any allergy, airway or skin symptoms. This 
provides high reliability in the clinical outcomes based on the use of the same rigid 
standardized algorithms. 

One limitation was that it was impossible to identify all confounders in the mediation analysis, 
thus caution is needed when explaining the mediation effect obtained here. One unmeasured 
confounder may relate to the airway microbiota. A great impact of microbiota on both the 
immune system and asthma has been suggested.362,363 Hence, we should be conservative 
when presenting the identified mediation effect given that the sensitivity analysis for assessing 
some of the contingent variables of the mediation effect are missing. Moreover, due to an 
extensive linkage disequilibrium between rs7216389 (ORMDL3) and rs2305480 (GSDMB), it 
was hard to separate the effect from each other; hence it is safer to refer to them as 17q21 
locus risk variants. 

Main findings and interpretation  

In this study, our primary aim was to find whether and how much validated asthma risk SNPs 
increased the susceptibility to asthma development until 7 years of age by modulating the 
innate immune response in asymptomatic infants. The mediators were innate immune 
responses against different PAMPs, represented by cytokines secreted from different 
activated immune pathways. The primary outcomes were time until asthma occurs by age 7 
years and numbers of exacerbations before age 7. We found cytokine profiles upon activation 
by the ligands mimicking bacterial unmethylated DNA (CpG) and viral double-stranded RNA 
(poly(I:C)) significantly mediated the effect of two lead SNPs in the 17q21 locus (rs7216389 
and rs2305480) on asthma. We did not detect significant effects of other SNPs on the clinical 
endpoints in our study, which was not surprising, since the effect sizes of those SNPs on 
asthma are quite small and larger sample sizes are usually needed in order to identify 
statistically significant associations.    

The cytokine patterns in response to CpG and poly(I:C) with significant mediation effect were 
very similar, and both found to be mediated by an array of different cytokines dominated by 
elevated IL-23. The ligand ODN2206-CpG mimics the unmethylated DNA structure uniquely 
found in bacteria, and is a potent stimuli of human Toll like receptor 9 (TLR9).92,98,103 The ligand 
poly(I:C) resembles dsRNA from viral infection, and is an agonist of human Toll like receptor 
3 (TLR3).98,100,99  Similar to TLR9, activation of the TLR3 pathway also leads to the release of 
type 1 interferons and pro-inflammatory cytokines.100 Type 1 immune responses, as triggered 
by TLR9 and TLR3 pathways, enable elimination of intracellular infectious agents by cellular 
mediated killing of infected host cells via NK cells and cytotoxic T cells. 

The association studies between risk SNPs and immune profiles shown in Figure 2a and 
loading plot of PCA analysis in Figure 3c suggested that in response to CpG and poly(I:C), 
instead of producing type 1 cytokines resembled by IFN-γ, IL-12p70, IL-18 and CXCL10, 
carriers of the risk alleles (rs7216389 and rs2305480) tended to express enhanced IL-23. For 
human immune cells, IL-23 is indispensable and pivotal in promoting expansion of Type-17-
associated immune cells including Th17 and ILC3 from corresponding precursors as well as 
sustaining and expanding the memory Th17 cells.201 By secreting Type-17 signature cytokines 



 

51 

 

such as IL-17, IL-22 and granulocyte–macrophage colony-stimulating factor (GM-CSF), those 
Type-17 cells are responsible for clearing off extracellular infection from both bacteria and 
fungi, mainly due to stimulation of CXCL8 production by nearby cells, resulting in recruitment 
of neutrophils and macrophages to the site of infection. Besides the aforementioned Type 17 
immune cells, IL-23 in combination with IL-1β can also stimulate γδT cells and NKT cells to 
produce IL-17A.364,365 Hence, both innate and adaptive Type 17 immune cells are all closely 
related to enhanced IL-23. Upregulation of IL-23 towards intracellular viral and bacterial 
ligands suggest for ineffective clearance of viruses and intracellular bacteria, which may lead 
to continuous exposure to these agents, concomitant with a cytokine environment in favoring 
the Type-17 immune response, and hence neutrophil recruitment. Combined, the innate 
immune response against CpG and poly(I:C) suggested for an incorrect immune response 
represented by a dampened Type-1 immune response against intracellular ligands (i.e. 
intracellular microbes) accompanied by a skewed Type-17 immune response mounted by 
carriers of 17q21 locus risk alleles (rs7216389 and rs2305480). Based on this we therefore 
speculate that carriers of the 17q21 locus risk alleles may hold a compromised Type-1 immune 
response accompanied by a predominant Type-17 immune response against viral and intra 
cellular bacterial infections in early life. Such dysfunctioning immune responsiveness would 
lead to recurrent infections and prolonged IL-23 secretion which further enhance the 
recruitment of neutrophils and macrophages by supporting Type-17 cells differentiation and 
activation, with progressive development of asthma exacerbations due to continued immune 
activation in the airways and asthma during childhood.366,367  The role of the Type-17 skewed 
immune profiles suggested by our results are consistent with others and our previous report 
indicating a non-atopic pathway of 17q21 locus-associated childhood asthma.274,275,262The 
association between a Type-17 based immune profile and 17q21 SNPs suggested by our 
finding is also in line with a previous study by others in which they found children with risk 
alleles of rs7216389 had elevated IL-17A secretion in their cord blood.368 We did not identify 
elevated IL-17A in our study, but this may mainly be due to the experimental design, as we 
focused on innate immune cell activation and harvested the supernatant already at 40 hours 
post-stimulation, which is a bit too early to stimulate IL-17A secretion.369 

Altogether, these data point to a deregulated immune response towards intracellular microbes 
in infants to partly explain the enhanced risk of asthma exacerbations and development of 
childhood asthma in carriers of the 17q21 risk alleles. 

Conclusion  

Deregulated innate immune responses from PBMCs against viral and bacterial neucleic acid 
was identified to mediate the effect of 17q21 locus on childhood asthma.  

6.6 SUPPLEMENTARY TABLES AND PLOTS  
Table E1. Levels of secreted cytokines from PBMCs of 6 months old children stimulated with 

the indicated ligands. Median (IQR) in pg/mL is listed. N=337. 

 Unstimulated LPS CpG poly(I:C) R848 HDMAPP lowLPSalum 
Cytokine 
 

       

IFN- γ 
 

0.3(0.1,0.6) 0.4(0.2,1.4) 0.7(0.3,1.8) 0.4(0.1,0.8) 1.6(0.4,14) 2.9(1.1,9.0) 0.4(0.1,1.1) 

IL-12p70 
 

0.0(0.0,0.1) 0.1(0.0,0.2) 0.0(0.0,0.1) 0.0(0.0,0.1) 0.2(0.1,0.5) 0.0(0.0,0.1) 0.1(0.0,0.2) 

IL-18 
 

0.2(0.0,0.3) 0.2(0.1,0.5) 0.3(0.2,0.5) 0.3(0.2, 0.4) 0.5(0.2, 1.0) 0.2(0.1,0.4) 0.2(0.1, 0.4) 

CXCL10 
 

0.5(0.3,1.3) 0.5(0.2,1.1) 18.9(3.6,85) 1.7(0.5,8.3) 11.8(3.6,39.8) 4.0(0.8,17.7) 0.4(0.2,0.8) 

IL-4 
 

0(0,0) 0(0,0.1) 0(0,0) 0(0,0) 0.1(0,0.2) 0(0,0) 0(0,0.1) 
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IL-5 
 

0(0,0) 0(0,0.1) 0.1(0,0.2) 0(0,0.1) 0(0,0.1) 0(0,0.1) 0(0,0.1) 

IL-13 
 

0(0,0.2) 0(0,0.8) 0(0,0.5) 0(0,0.3) 0.5(0, 1.3) 0(0,0.4) 0(0,0.9) 

IL-31 
 

0(0,0.1) 0(0,0.3) 0(0,0.2) 0(0,0.1) 0(0,0.1) 0(0,0.1) 0(0,0.1) 

CCL17 
 

3.4(2.3,5.3) 4.8(3.2,7.6) 2.7(1.8,3.9) 4.3(2.9,6.0) 7.4(4.4,12.5) 3.9(2.6,5.8) 4.4(3.0,6.8) 

CCL24 
 

51.9(15.6,441.0) 162.0(32.7,424.0) 19.2(11.2,30.8) 69.4(13.7,302) 42.8(18.7,89) 105.0(16.5,612.0) 113.0(21.8,370) 

IL-1β 
 

0.2(0,0.6) 2.4(0.7,11.0) 0.2(0,0.5) 0.2(0.1,0.6) 6.6(1.7,22.2) 0.2(0.1,0.7) 2.1(0.5,8.9) 

IL-6 
 

0.7(0.3,1.3) 18.8(3.0,130.0) 8.9(4.1,16.6) 1.2(0.6,2.6) 61.2(18.2,224.0) 0.8(0.4,1.7) 13.3(2.2,106.0) 

IL-17A 
 

0.2(0,0.6) 0.4(0.1,0.8) 0.2(0,0.4) 0.2(0,0.5) 0.4(0.1,0.7) 0.3(0,0.8) 0.4(0.1,0.7) 

IL-23 
 

0(0,0) 0.4(0,3.3) 0.1(0,0.6) 0(0,0.5) 0(0,1.7) 0(0,0) 0(0,2.0) 

CCL20 
 

0.3(0,0.6) 3.8(0.7,28.9) 0.5(0.3,0.9) 0.6(0.2,1.1) 4.7(1.1,19.8) 0.4(0.1,0.8) 2.6(0.6,21.9) 

CXCL8 
 

115.0(44.4,287.0) 552.0(136.0,4142.0) 128.0(70.5,278.0) 160.0(68.9,364.0) 1222.0(320.0,5333.0) 148(62.7,445.0) 435.0(127.0,3784.0) 

IL-22 
 

0(0,0) 0(0,8.4) 0(0,5.2) 0(0,6.2) 5.6(0,18.9) 0(0,0) 0(0,6) 

CCL27 
 

11.6(7.4,17,4) 13.7(7.8,17.5) 10.0(6.3,13.9) 10.2(5.7,16) 11.4(6.9,15.1) 14.8(9.8,21.2) 12.5(8.2,17.1) 

IL-10 
 

0.1(0,0.1) 0.2(0,1.3) 0.7(0.2,1.9) 0.1(0,0.2) 1.8(0.5,6) 0.1(0,0.2) 0.1(0,0.1) 

Table E2. Frequency of SNPs for children having successful PBMC stimulation  

Genes rsID  value n Frequency 
RAD50 rs6871536 0 178 0.6 
  1 101 0.34 
  2 19 0.06 
IL33 rs928413 0 154 0.52 
  1 124 0.42 
  2 20 0.07 
IL1R1 rs1558641 0 4 0.01 
  1 73 0.24 
  2 221 0.74 
DENND1B rs2786098 0 189 0.63 
  1 96 0.32 
  2 13 0.04 
CDHR3 rs6967330 0 204 0.68 
  1 80 0.27 
  2 14 0.05 
ORMDL3 rs7216389 0 230 0.69 
  1 102 0.31 
GSDMB rs2305480 0 196 0.66 
  1 102 0.34 
NDFIP1/GNDPA1/SPRY4 rs7705042 0 144 0.48 
  1 121 0.41 
  2 33 0.11 
GPX5/TRIM27 rs1233578 0 5 0.02 
  1 77 0.26 
  2 216 0.72 
BACH2/GJA10/MAP3K7 rs2325291 0 123 0.41 
  1 137 0.46 
  2 38 0.13 
STAT6/NAB2/LRP1 rs167769 0 52 0.17 
  1 143 0.48 
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  2 103 0.35 
ZNF652/PHB rs17637472 0 58 0.19 
  1 145 0.49 
  2 95 0.32 
MICB/HCP5/MCCD1 rs2855812 0 24 0.08 
  1 123 0.41 
  2 151 0.51 
GATA3/CELF2 rs2589561 0 7 0.02 
  1 85 0.29 
  2 206 0.69 
TPD52/ZBTB10 rs12543811 0 43 0.14 
  1 125 0.42 
  2 130 0.44 
CLEC16A/DEXI/SOCS1 rs17806299 0 201 0.67 
  1 90 0.3 
  2 7 0.02 
IL1RL1/IL1RL2/IL18R1 rs1420101 0 49 0.16 
  1 142 0.48 
  2 107 0.36 
TLSP/SLC25A46 rs10455025 0 47 0.16 
  1 132 0.44 
  2 119 0.4 
IL4/IL13/RAD50 rs20541 0 14 0.05 
  1 107 0.36 
  2 177 0.59 
HLA-DRB1/HLA-DQA1 rs9272346 0 121 0.41 
  1 132 0.44 
  2 45 0.15 
RANBP6/IL33 rs992969 0 20 0.07 
  1 121 0.41 
  2 157 0.53 
EMSY/LRRC32 rs7927894 0 48 0.16 
  1 149 0.5 
  2 101 0.34 
RORA/NARG2/VPS13C rs11071558 0 228 0.77 
  1 66 0.22 
  2 4 0.01 
SMAD3/SMAD6/AAGAB rs2033784 0 34 0.11 
  1 99 0.33 
  2 165 0.55 
ERBB2/PGAP3/MIEN1 rs2952156 0 33 0.11 
  1 122 0.41 
  2 143 0.48 

 

 

 

 

 



 

54 

 

Table E3. Baseline characteristics of covariates and clinical endpoints 

Covariates 
 

COPSAC2000 

411 
Study Cohort 

336 
Excluded children 

75 
P value 

Antibiotics in 3rd trimester 14.4% (59) 13.4%(45) 18.7%(14) 0.32 

Cat in house in pregnancy 15.2% (60) 14.2%(47) 19.7%(13) 0.35 

Delivery mode (Cesarean) 21.2% (87) 21.1%(71) 21.3%(16) 1.00 

Paternal asthma* 14.2% (57) 13.8%(45) 16.2%(12) 0.72 

Paternal dermatitis* 10.7% (36) 11.7%(33) 5.5%(3) 0.26 

Maternal dermatitis* 42.6% (147) 42.2%(122)       44.6%(25) 0.85 

Maternal allergy to inhaled allergen* 86.9% (357) 87.8%(295) 82.7%(62) 0.32 

Any older siblings 40.4% (166) 39.3%(132) 45.3%(34) 0.40 

Passive smoke in 3rd trimester 10.0% (41) 9.5%(32) 12.0%(9) 0.66 

Sex(Boy) 49.4% (203) 50.3%(169) 445.3%(34) 0.52 

Smoking in 3rd trimester 15.3% (63) 14.3%(48) 20.0%(15) 0.29 

Household income above 800K 8.7% (33) 8.8%(29) 7.7%(4) 1.00 

Mother’s age at birth (yr), mean(SD) 30.1 (4.5) 30.1(4.5) 29.6(4.4) 0.35t 

Mother’s highest education** 15.2% (58) 15.2%(50) 15.4%(8) 1.00 

Asthma until 7y* 17.5%(72) 18.5%(62) 13.3%(10) 0.38 

Transient asthma* 9.3% (27) 9.7%(25) 6.5%(2) 0.80 

Persistent asthma* 15.2%(47) 14.4%(39) 21.6%(8) 0.36 

Exacerbation* 20.4%(64) 19.1%(53) 31.4%(11) 0.14 

LRTI before 3y*  56.3%(188) 55.7%(165) 60%(23) 0.70 

FEV1, mean(SD) * -0.03(0.99) -0.01(1.0) -0.23(0.90) 0.20t 

MMEF, mean(SD) * -0.11(1.04) -0.11(1.04) -0.06(1.07) 0.80t 

sRaw, mean(SD) * 0.11(1.01) 0.11(1.03) 0.18(0.88) 0.67t 

PD, mean(SD) * -0.09(1.03) -0.05(1.04) -0.36(0.87) 0.10t 

Baseline comparisons between children in the study cohort and excluded. Except Household income above 800K 
which was compared by unpaired student’s t-test, all the other comparisons were done by Pearson’s chi-squared 
test.   

t : unpaired student’s t-test. *Doctor diagnosed disease. **University education 
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Figure E1.   Associations between covariates and SNPs, clinical endpoints and immune profiles 
to find possible confounders.  

The associations were examined by corresponding regression models and significant associations were 
labeled with an asterisk. Social circumstances describe the composite score based on mother’s highest 
education level, mother’s age at birth, and the annual family income. Abbreviation: mom_INH_allergy: 
allergy in the mother to inhalant allergens. 
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7 OVERALL DISCUSSION 
We hypothesized that the dysregulated and improper immune response against 
environmental microbes in early life results in the onset of asthma and other allergic disorders. 
In this PhD study, we used an ex vivo experimental setup to study the functionality of the 
immune system, by which the intertwined innate and adaptive immune responses were 
studied separately.  

In paper I, we examined the cytokine profiles, most likely associated with an adaptive immune 
response, elicited by each of the three common pathogenic airway bacteria (H. influenzae, M. 
catarrhalis, S. pneumoniae) in relation to later allergic disorders. Our purpose with this ex vivo 
stimulation protocol was to examine if early immune deregulation against certain bacteria was 
in play in vivo before disease debut. We therefore focused on using a relatively short ex vivo 
stimulation protocol (40 hours), shown in pre-study experiments to activate cells, and where 
most of the secreted T-cell cytokines would derive from bacteria-specific memory or effector 
T-cells being readily re-stimulated ex vivo. We know from other in-house and published 
protocols that naive human T cells require much longer ex vivo stimulation protocols (5 to 7 
days) in concert with primed dendritic cells for production of cytokines. We identified an 
attenuated IL-2 response to stimulation with H. influenzae and M. catarrhalis in PBMCs 
collected at 6 months of age was associated with elevated total-IgE at age 6 years. We also 
found the combination of reduced IL-2 and increased IL-5 production was associated with a 
high risk of allergic rhinitis at 7 years of age. However, the finding was not applicable for 
cytokine profiles derived from the stimulation of S. pneumoniae. We speculated that the 
reason may be that S. pneumoniae does not have LPS in its cell wall, while the other two 
bacteria have. However, this idea cannot be tested in the current study. We also speculated 
that reduced IL-2 may lead to fewer Tregs, and in combination with elevated IL-5, the child 
may subsequently develop uncontrolled type 2 immune response clinically manifestated as 
elevated total serum IgE or allergic rhinitis. Again, we cannot test our speculation using 
currently available data, because no assessment was made about the activity and the quantity 
of the Treg population in stimulated PBMCs. Nevertheless, a dysregulated immune response 
against the common airway pathogens was uncovered in asymptomatic 6-month-old infants 
and associated with development of later allergic rhinitis and total IgE.  

In paper II, we investigated whether innate immune responses mediated the effects of selected 
risk SNPs on asthma. In this study, the innate immune responses were reflected by cytokine 
profiles associated with the activation of each of six selected innate signaling pathways in ex 
vivo experiments. We identified type-17 biased cytokine profiles derived from two TLR 
signaling pathways, TLR3 and TLR9, to mediate the effect of the 17q21 risk locus on asthma.   

Both TLR3 and TLR9 are nucleic-sensing TLRs and recognize viral or bacterial specific nucleic 
acid, i.e. TLR3 recognizes the double strand RNA (poly(I:C)) from virus and TLR9 recognizes 
unmethylated DNA components (CpG) primarily from bacteria. Generally speaking, the 
activation of both TLR3 and TLR9 normally result in copious production of type 1 cytokines 
characterized by IFN-γ, IL-12p70, CXCL10, and IL-18. The created cytokine environment 
would then contribute in activation of type 1 immune responses by induction and activation of 
many cellular components such as macrophages and Th1 cells. The immune patterns we 
discovered were mainly driven by IL-23, which suggested the involvement of a type 17 immune 
response as IL-23 hold an essential role in Th17 differentiation and ILC3 activation. They both 
lead to neutrophil recruitment via activation of CXCL8 production from IL-17-based activation 
of fibroblasts and epithelial cells. Clearly, the identified immune response deviated from the 
correct type 1 based immune response which should have been elicited in order for successful 
intracellular pathogen removal. This finding further supported the existence of a non-atopic 
pathway underlying the association between the 17q21 risk locus and childhood asthma, 
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overall revealing that a dysregulated innate immune response to intracellular ligands may 
mediate the effect of the 17q21 risk variants in relation to development of childhood asthma.  

Collectively, the findings from both paper I and paper II supported our hypothesis about the 
dysregulated immune function in early life and onset of asthma due to inefficient pathogenic 
clearance.   
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8 OVERALL CONCLUSION  
In conclusion, an early life deregulated immune response to environmental microbes in 
asymptomatic infants was identified to influence later development of allergic rhinitis, and to 
mediate the link between the 17q21 risk loci on childhood asthma development. The main 
conclusions from each paper are as following:  

In paper I, we identified an attenuated IL-2 response in infancy against H. influenzae and M. 
catarrhalis to associate with elevated total-IgE at age 7. We also found the combination of 
reduced IL-2 and increased IL-5 production to associate with a higher risk of allergic rhinitis at 
school age.   

In paper II, we identified aberrant innate immune responses associated with TLR3 and TLR9 
to mediate the effect of the 17q21 risk locus on increased risk of childhood asthma.  

In summary, this PhD study provides evidence that deregulated immune responses against 
pathogens in early life are associated with the development of asthma and other types of 
allergic disorders.  
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9 FUTURE STUDIES  
This PhD study mainly focused on uncovering the deregulated immune function in relation to 
later disease, without investigating the impact of specific environmental exposures.  

In the future, environmental exposures and multiple omics data (genomics, metabolomics, 
microbiome) may be integrated to elucidate their impacts on the functional immune responses 
in relation to later asthma.  

It would be very interesting to investigate what kind of environmental factors imprinted the 
immune system and resulted in the identified aberrant immune responses. The environmental 
factors of interest include older sibling, cat or dog exposure, tobacco smoking, antibiotics 
exposure, season of birth. Many of the environmental factors lead to changes in microbiota.  
Given the essential role of microbiota in the development of the immune system, I believe it 
would be also fascinating to include data relating to the microbial composition of the gut and 
the airways from those children into the study.   

After significant associations between specific environmental factors and functional immune 
responses have been identified, the pipeline constructed in paper II for causal mediation 
analysis can be applied for identifying the causal pathways from that environmental factor to 
asthma through innate or adaptive immune responses.  

In the meantime, the interaction between environmental factors and genetic background 
should not be neglected when carrying out causal mediation analyses. For example, cat 
exposure was reported to significantly interact with the 17q21 locus in terms of childhood 
asthma. In this situation, the mediation effect of the functional immune responses may be 
genotype specific, hence, a moderated mediation analysis could be employed.  

Moreover, to carry on with paper II, it would also be very interesting to examine if the identified 
dysregulated innate immune profile is the common reason for early respiratory infection and 
childhood asthma. This question can be addressed by the mediation analysis with some twist. 
For example, by adjusting for the number of lower respiratory infections in the mediation 
analysis.  

Furthermore, the current study was based on immune profiles generated by an unsupervised 
data decomposition method (PCA). Using the unsupervised method for data decomposition 
can help us to identify immune patterns associated with multiple clinical outcomes, which was 
what happened in this PhD study. In future studies, we may focus on a specific clinical 
outcome and utilize supervised decomposition methods such as PLS-DA to generate immune 
patterns enriched with disease-specific variance. 
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Treg = regulatory T cell 

SPT = Skin prick test 

Research in context: 

Evidence before this study 

It is well known that T regulatory cell (Tregs) play important roles in maintaining homeostasis of the 
immune system. Interleukin 2 (IL-2) is crucial for the development and survival of Tregs acting via its 
high affinity receptor CD25 and it has been demonstrated that low-dose IL-2 therapy results in 
significant expansion and activation of Tregs. It has been shown in randomized placebo-controlled 
trials that low dose IL-2 therapy is safe in humans and has the capacity to successfully control the 
manifestation of several diseases related to imbalanced immune responses, including hepatitis C 
virus-mediated vasculitis, graft-versus-host disease, alopecia areata and type I diabetes. Recently, it 
has been shown that a disturbed IL-2/Treg interplay may be off importance in childhood allergy 
development as reduced IL-2 expression by cord blood CD4(+) T cells was associated with decreased 
numbers of Tregs and increased risk of subsequent food allergy in the Barwon Infant study. Further, 
findings from a mouse model showed that low dose IL-2 treatment could dampen the allergic 
inflammatory process by inducing expansion and activation of Tregs. These findings suggest a 
potential application of low dose IL-2 therapy for prevention and treatment of childhood allergy, but 
further human studies are needed to disentangle the role of IL-2 expression in early life in relation to 
development of allergic outcomes.   

Added value of this study 

In this study we investigated the functional immune properties of peripheral blood mononuclear cells 
(PBMCs) from 6-month-old healthy infants stimulated with pathogenic airway bacteria and show that 
immune responses characterized by reduced production of IL-2 are associated with development of 
elevated total-IgE levels and allergic rhinitis during the first 7 years of life. This suggests the existence 
of suppressed Treg activity in early life heralding the onset of allergy outcomes during early childhood, 
which may be reverted by low dose IL-2 therapy. 

Implications of all the available evidence 

These findings support the initiation of low dose IL-2 therapy trials for preventing and treating 
childhood allergic airway disorders. 

ABSTRACT (261 words) 

Background: Autoimmunity and allergy have been associated with decreased number and function of 
regulatory T-cells and low interleukin-2 (IL-2) levels. We aimed to investigate if release of IL-2 from 
peripheral blood mononuclear cells (PBMCs) stimulated with pathogenic airway bacteria was 
associated with development of allergy-outcomes in early childhood.  

Methods: PBMCs were isolated at age 6 months in 331 infants from the Copenhagen Prospective 
Studies on Asthma in Childhood 2000 (COPSAC2000) mother-child cohort, and subsequently stimulated 
with H. influenzae, M. catarrhalis and S. pneumoniae in in vitro cultures. Levels of cytokines (IL-2, IL-
10, IFN-γ, TNF-α, IL-5, IL-13 and IL-17A) were determined in the supernatant by 
electrochemiluminescence immunoassays. The immune profiles were analyzed for association with 
development of total-IgE, allergic sensitization and rhinitis during the first 7 years of life using 
regression models and principal component analysis (PCA).  
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Findings: An attenuated IL-2 response to stimulation with H. influenzae (p=0·011) and M. catarrhalis 
(p=0·027) was associated with elevated total-IgE at age 7. These findings were confirmed in a 
multivariate PCA model (PC2, p=0·032). An immune profile with both reduced IL-2 and elevated IL-5 
was associated with increased risk of allergic rhinitis (PC3, p=0·038). We found no associations with 
development of allergic sensitization.   

Interpretation: A reduced IL-2 response from PBMCs exposed to common pathogenic airway bacteria 
at age 6 months was associated with elevated total-IgE and allergic rhinitis during the first 7 years of 
life. These findings suggest that suppressed Treg activity in early life may herald onset of allergy in 
early childhood, which could be a target for low-dose IL-2 trials in the future. 

Funding: COPSAC is funded by private and public research funds all listed on www.copsac.com. 

Key words: IL-2; airway bacteria; birth cohort; IgE; sensitization. 

INTRODUCTION 

Reduced numbers and function of regulatory T-cells (Tregs) have been demonstrated in autoimmune 
and allergic diseases, suggesting that a dysregulated Treg system contributes to the pathogenesis of 
these conditions.1–4  Interleukin 2 (IL-2) is critical for the development and survival of Tregs5–7 and a 
possible role of the IL-2/Treg interplay in allergy has been suggested by a study showing that reduced 
IL-2 expression by cord blood CD4(+) T cells associated with decreased Tregs and increased risk of food 
allergy in childhood.8  

In the Copenhagen Prospective Studies on Asthma in Childhood 2000 (COPSAC2000) mother-child 
cohort we conducted repeated clinical assessments including total-IgE, specific-IgE and allergic rhinitis 
through age 7 and biobanking of peripheral blood mononuclear cells (PBMCs) isolated from the infants 
at age 6 months. Recently, we investigated the PBMC response to in vitro stimulations with H. 
influenzae, M. catarrhalis, and S. pneumoniae measuring production of T cell-related cytokines of the 
Treg (IL-2, IL-10), Th1 (interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α)), Th2 (IL-5, IL-13) and 
Th17 (IL-17A) cells.9,10  

The aim of the current study is to analyze the relationship between the PBMC response to bacterial 
stimulations and the development of allergy-related endpoints during the first 7 years of life, 
hypothesizing a protective role of IL-2.  

MATERIALS AND METHODS 

Study cohort 

This study is part of the ongoing COPSAC2000 prospective mother-child cohort of 411 children born to 
mothers with asthma.11 The children were enrolled at age 1 month, excluded children born before 
gestational week 36 and children suffering from any respiratory disorder before enrollment. The 
children were followed prospectively at the COPSAC clinical research unit with regular follow-up visits 
every 6 months till age 7 and at episodes with respiratory symptoms. The clinical research unit was 
the primary health care facility for diagnosis and treatment of any respiratory symptoms, strictly 
adhering to validated algorithms.12  

The study was approved by the Copenhagen Ethics Committee (KF 01-289/96), the Danish Data 
Protection Agency (2002-41-2434), and followed the principles of the Declaration of Helsinki. Written 
and oral informed consent was obtained from the parents at enrolment.  
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Bacterial stimulation of PBMCs 

The bacterial stimulations of PBMCs was previously described in details.9,10 Briefly, PBMCs were 
isolated by density centrifugation from blood samples collected at 6 months and stored for up to 12 
years at -140oC. After thawing, the cells were stimulated with UV-inactivated H. influenzae, M. 
catarrhalis, and S. pneumoniae (50µg/mL) or blank sterile culture media alone in U-bottomed 96-well 
plates at 5x105 cells/well (200µL total volume/well) for 40hours at 37⁰C and 5% CO2 in a humidified 
incubator. Supernatants were harvested and stored at -80⁰C until quantification of IL-2, IL-10, IFN-γ, 
TNF-α, IL-5, IL-13 and IL-17A levels by customized multiplex immunoassays from MesoScale Discovery 
read on a Sector Imager 6000 (MSD, Gaithersburg, MD, USA). All assays were highly sensitive with a 
detection limit below 1pg/mL.  

T cell immune phenotyping 

The composition of the T cell compartment was analyzed on freshly thawed unstimulated PBMCs (5 x 
105 cells) using flow cytometry. Staining and flow cytometry analysis were performed using the 
following antibody panel: CD3/eFlour450, CD8/FITC, TCRVa24-Ja18/PerCP-eFlour710, CD127/APC-
eFlour780 (eBioscience, San Diego, CA), CD25/PC7, TCRgd/PE (Beckman Coulter, Brea, CA) and 
CD4/V500 (BD Bioscience, San Jose, CA). T cell subsets were identified by a predefined gating strategy 
and analyzed in a blinded manner: Helper (CD3+CD4+), cytotoxic (CD3+CD8+), regulatory 
(CD3+CD4+CD127-CD25+), γδ (CD3+TCRγδ+) and invariant NK (CD3+TCRVα24-Jα18+) T cells. All 
population frequencies were calculated relative to the CD3+ T cell compartment. 

Allergy-related endpoints 

Total-IgE level was determined at 6 years by ImmunoCAP (Pharmacia Diagnostics AB, Uppsala, Sweden) 
and analyzed as a continuous variable. 

Allergic sensitization was assessed at 6 years by skin prick tests (SPT) and measurements of specific-
IgE against house dust mites, cat, dog, horse, birch, grass, mugwort, and molds as previous detailed.13 
SPT was done using allergen extracts (ALK Abello, Soluprick® SQ, Copenhagen, Denmark) defining a 
positive test as any wheal ≥3mm. Specific-IgE levels were measured with ImmunoCAP (Thermo Fisher 
Scientific, Uppsala, Sweden), defining a positive test as any specific-IgE level ≥0·35kUA/L. Sensitization 
was analyzed as a dichotomized variable, separately for SPT and specific-IgE as the overlap between 
test results is poor at young age.14 

Allergic rhinitis at age 7 was diagnosed by the COPSAC pediatricians based on a parental interview on 
the child’s history of symptoms.15 Significant sneezing or blocked or runny nose affecting the wellbeing 
of the child in the past 12 months in periods without cold or flu defined rhinitis. The diagnosis required 
sensitization and congruence between symptoms and allergen exposure. 

Statistical analysis 

Initially, supernatant levels of cytokines in response to bacterial stimulations were adjusted by 
subtracting the baseline levels of cytokines secreted by PBMCs incubated with sterile media. 
Thereafter, the levels were square root-transformed. If an individual did not produce a measurable 
cytokine response in PBMCs after bacterial stimulation (non-responders), the cytokine level was set 
to zero. 

First, we analyzed the association between the cytokines released upon bacterial stimulations at 6 
months and total-IgE level (log-transformed), allergic sensitization by SPT (yes/no) and elevated 
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specific-IgE (yes/no), and allergic rhinitis (yes/no) during the first 7 years of life using linear and logistic 
regression models. The associations with outcomes for cytokines from each bacterial stimulation were 
analyzed using forward stepwise selection while retaining IL-2. If the final model had multiple 
independent variables they were compared with a null model by ANOVA for goodness of fit. If only IL-
2 was retained in the final model, the hypothesis test for its coefficient was used as assessment of 
goodness of fit. Only the models with significant overall p-values (≤0.05) are discussed in detail.  

Thereafter, we conducted a data-driven principal component analysis (PCA) on the 21 independent 
variables (3 bacterial stimulation x 7 different cytokines) to capture immune patterns in the data, using 
principal component 1 to 4 (PC1-4) from the model for association analyses with the outcomes.  

We also analyzed the association between T cell subsets and allergy-related outcomes. T cell 
composition data was transformed by isometric log ratio (ilr) using sequential binary partitioning and 
their association with outcomes was analyzed by multiple regression models.16 

All analyses were conducted with R version 3.4.2.17 The results are reported with 95% CI and p-values 
≤0.05 were considered statistically significant. 

RESULTS 

Baseline characteristics  

A total of 331 (81%) of the 411 infants in the cohort had PBMCs collected at age 6 months, which were 
subsequently exposed to H. influenzae, M. catarrhalis, and S. pneumoniae for assessment of the 
immune response by measuring supernatant cytokine levels. The T cell immune phenotyping and 
immune responses are described in Tables 1-2. Of the 331 infants, 259 (78%) had measurements of 
total-IgE (mean level, 117·6 IU/mL), 270 (82%) had SPT (N=251) and/or sIgE (N=259) with 100 (30%) 
being sensitized to one or more allergen either by SPT (N=40) and/or sIgE (N=94). Allergic rhinitis was 
assessed in 254 (77%) with a prevalence of 13% (N=34) by age 7 years.  

A comparison between children with vs. without immune response data has previously been 
published showing no differences.9,10    

Bacteria-induced immune response and allergy-related outcomes  

Total-IgE  

Multiple regression analyses showed inverse associations between IL-2 production in response to H. 
influenzae and M. catarrhalis at age 6 months and total-IgE level at age 6 years: IL-2-coefficienthi=-
0·183 [95% CI; -0·324, -0·043], p=0·011 and IL-2-coefficientmc=-0·150 [-0·282, -0·018], p=0·027, 
respectively. The IL-2 association was only seen in response to the Gram-negative bacteria H. 
influenzae (pFtest=0·028) and M. catarrhalis (PFtest=0·024), whereas the model using cytokine data in 
response to the Gram-positive bacteria S. pneumoniae was not better than the null model 
(PFtest=0·139): IL-2-coefficientsp=0·151 [0·001, 0·301], p=0·0503 (Figure 1).  

Besides IL-2, the production of IFN-Ƴ and TNF-α in response to H. influenzae and M. catarrhalis were 
positively associated with total-IgE level: IFN-Ƴ-coefficienthi=0·019 [0·000, 0·0367], p=0·046, and TNF-
α-coefficientmc=0·159 [0·027, 0·290], p=0·019, respectively.  

The result of a PCA analysis to identify individual cytokine profiles in response to the bacteria is 
depicted in Figure 2 and Figure e1. The PCA association analysis for total-IgE confirmed the findings 
from the regression models. The cytokine pattern in PC2 from M. catarrhalis was inversely associated 
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with total-IgE level (p=0·032) and the same trend was seen for PC2 from H. influenzae stimulation 
(p=0·051); i.e. higher total-IgE was associated with a decreasing score dominated by IL-2 (Figure 2).  

Allergic sensitization  

Higher IL-5 secretion in response to S. pneumoniae was significantly associated with sensitization 
diagnosed by sIgE at age 6: ORsc=1·678 [1·069, 2·633], p=0·024, although the overall model with 
inclusion of all cytokines was not significantly better than the null model (overall p-value=0·080). No 
associations were observed between the immune response to the other bacterial stimulations and 
development of allergic sensitization determined by neither sIgE nor SPT (Figures 1-2).  

Allergic rhinitis  

IL-2 in response to M. catarrhalis and IL-13 in response to H. influenzae were inversely associated with 
allergic rhinitis by age 7: ORmc=0·495 [0·273, 0·898], p=0·021, and ORhi=0·429 [0·197, 0·933], p=0·033; 
i.e. higher IL-2 and IL-13 production reduced the risk of allergic rhinitis. We also found that elevated 
IL-5 in response to all the bacterial stimulations increased the risk of allergic rhinitis: ORhi=1·954 [1·037, 
3·681], phi=0·038, ORmc=1·569 [1·056, 2·330], pmc=0·026, and ORsp=1·614 [1·070, 2·434], psp=0·022. The 
multiple regression models were all significantly better than the null models: pchisq=0·048 for H. 
influenzae, pchisq=0·017 for M. catarrhalis, and pchisq=0·046 for S. pneumoniae (Figure 1).  

The results from the PCA supported the main findings from the regression analyses regarding IL-5 and 
IL-2, but not for IL-13. We found an inverse association between development of allergic rhinitis and 
the immune pattern in PC3 upon M. catarrhalis stimulation (p=0·038), i.e. lower IL-2 and higher IL-5 
from PBMCs at 6 months increased the risk of allergic rhinitis at age 7. In addition, a decreasing PC4 
score from the H. influenzae stimulation was significantly associated with risk of allergic rhinitis, i.e. 
lower IL-17A and higher IFN-γ release increased the risk of allergic rhinitis (p=0·048) (Figure 2).  

Sensitivity analysis 

As many of the children did not produce any IL-5 in PBMCs after bacterial stimulations (IL-5 non-
responders), we conducted a sensitivity analysis excluding these (Table e1). This showed similar 
results for the univariate association between IL-5 and allergic rhinitis by age 7: ORhi=2·532 [1·127, 
5·690], phi=0·025, ORmc=3·231 [1·274, 8·200], pmc=0·014, and ORsp=1·729 [1·084, 2·757], psp=0·021, and 
the multiple regression models were also significantly better than the null models: pchisq=0·040 for H. 
influenzae, pchisq=0·001 for M. catarrhalis, and pchisq=0·048 for S. pneumoniae (Figure e2). The PCA 
results were consistent showing an inverse association between allergic rhinitis and the immune 
pattern in PC3 upon stimulations from both M. catarrhalis (p=0·036) and H. influenzae (p=0·038) 
(Figure e3).  

T cell compartment composition 

To study if the cytokine response profiles were related to an underlying difference in T cell subsets, 
we examined the T cell compartment composition in relation to the allergy-outcomes. The relative 
ratios of γδ T cells and iNKT cells amongst all T cells were associated with total-IgE level at age 6, but 
in opposite directions with an inverse association identified for iNKT cells (p=0·030), and positive 
association for γδ T cells (p=0·022) (Figure 3, Figure e4). No associations between the relative ratio of 
Tregs and development of allergy-related outcomes were observed (Figure 3). 

DISCUSSION 

Main findings 
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An attenuated IL-2 response to stimulation with the common Gram-negative pathogenic airway 
bacteria H. influenzae and M. catarrhalis in PBMCs collected at age 6 months was associated with 
elevated total-IgE at age 6 years. Furthermore, both reduced IL-2 and increased IL-5 production were 
associated with a higher risk of developing allergic rhinitis during the first 7 years of life. Altogether, 
these findings suggest a role of diminished IL-2 and increased IL-5 in development of allergy-related 
traits in early childhood.  

Strengths and limitations 

This is the first prospective cohort study to investigate infant’s bacterial immune responses in PBMCs, 
which was done in a comprehensive manner by analyzing several cytokines of the Treg, Th1, Th2, and 
Th17 cells. The prospective nature of our study and the storage of PBMCs at age 6 months provide a 
unique possibility to investigate functional immunological properties in infancy before onset of 
allergy-related outcomes. As the PBMCs were collected in asymptomatic infants before onset of 
allergic disease, the bacterial immune response is unlikely to be affected by immune dysfunction 
caused by ongoing disease-driven inflammation.  

It is an advantage of the study that the children participating in the COPSAC2000 cohort solely used the 
COPSAC research pediatricians for diagnosis and treatment of any asthma and allergy-related disease. 
All diagnoses were done based on rigid standardized algorithms providing highly reliable 
homogeneous clinical outcomes.  

It is a limitation that this was an in vitro study that may not reflect the complexity of the immune 
responses in vivo. Importantly, many of the infants stored PBMCs did not produce a measurable IL-5 
response to any of the bacterial stimulations. However, analyses including the IL-5 non-responders as 
zeros as well as analyses excluding the non-responders showed similar associations with the clinical 
endpoints. 

It is a limitation that the results are based on one concentration of antigen performed at one time 
point (40 hours culture). Therefore, we are not able to determine how the results would look like at 
different time points and by stimulating with different concentrations, which is particularly important 
for IL-2, which is consumed in the cultures. However, this would have been of greater importance if 
we had not detected an association between IL-2 PBMC responses and allergy-outcomes. 

Finally, it is a limitation that all the children participating in the cohort were born to mothers with a 
history of asthma, which may hamper the external validity of our findings. 

Interpretation  

In this study, we aim to identify immune patterns in infancy in response to different bacteria in relation 
with development of allergic disorders in the first 7 years of life. The bacterial stimulations were 
chosen as we previously demonstrated that one-month-old infants colonized in the airways with H. 
influenzae, M. catarrhalis, and/or S. pneumoniae had an increased risk of asthma at age 5 years.18 
However, no direct link was shown between neonatal airway colonization with these bacteria and 
allergic outcomes, but studies indicate that environmental exposure to certain bacteria or bacterial 
components like lipopolysaccharide, which is contained in H. influenzae and M. catarrhalis, are 
associated with risk of allergic sensitization in childhood.19–21  

We speculate that our finding of a reduced IL-2 production in concert with increased IL-5 to 
stimulations with the Gram-negative bacteria H. influenzae and M. catarrhalis may be caused by 
imbalanced Treg and Th2 populations and thereby increase the risk of developing allergic diseases. 
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This finding may be of clinical importance as low-dose IL-2 therapy is being investigated with the 
purpose of expanding the Treg population in several diseases. We did not observe similar findings 
when analyzing the cytokine responses from the Gram-positive S. pneumonia stimulation, which may 
be due to the fact that these bacteria do not contain the innate immune ligand lipopolysaccharide. 

Recent clinical trials have studied the tolerability and efficacy of low-dose IL-2 therapy in the treatment 
of autoimmune disorders and graft-versus-host disease.22–26 All trials reported the therapy to be safe 
and effective in mediating sustained expansion of systemic Tregs with clinically relevant improvement 
in patients with HCV-induced vasculitis,22 alopecia areata,26 and graft-versus-host disease.25 We 
speculate that low-dose IL-2 therapy may have a beneficial role on allergy and propose initiation of 
clinical trials in children with allergy and subsequently trials investigating low-dose IL-2 as a possible 
therapeutic intervention or a prophylactic regimen in high-risk infants. Due to the proposed early 
window of immune programming for regulatory T cell development,27 it might be speculated to be 
even more important to propagate Treg development in early infancy, once an impaired IL-2 
production has been detected. We here addressed the question of IL-2 production in PBMCs collected 
at 6 months of age, as bacteria-specific T cells will have been expanded at this age if the child has been 
exposed to the given bacteria in vivo. This is in contrast to studies performed on cord blood. We 
selected a relatively short stimulation protocol of 40 hours with the aim of examining specifically the 
bacteria-specific memory and effector T cells present in the PBMC fraction that would be more readily 
activated for cytokine production than naïve T cells, which require a longer protocol. Although this 
study examines immune programming prior to disease development, it might also be valuable to use 
IL-2 therapy in already diseased individuals. Prior to trials in allergic diseases, it would valuable to 
investigate IL-2 PMBC responses in children with vs. without ongoing symptoms of allergic rhinitis. 

Although IL-2 has pleiotropic effects and works on other types of Th effectors, the efficacy and 
specificity of low dosage IL-2 therapy may be supported by the selective responsiveness of Tregs 
against low does IL-2. It was reported that due to an enhanced expression of the IL-2 receptor (α and 
Ƴ chain) and promoted activity of endogenous serine/threonine phosphatase protein phosphates 1 
and/or 2A in Tregs about 10-100 fold lower levels of IL-2 was required to activate STAT5 in Tregs 
compared to the levels needed for memory T cells or activated T cells. 28 

It is possible that reduced IL-2 production during the continuous immune activation induced by the 
host microbiome in infancy could affect the risk of developing allergic disease. It is recognized that the 
microbiome plays a key role in development of the immune system and the establishment of 
homeostatic tolerance by Tregs.29–31 Thus, infants who respond to bacteria with lower IL-2 production 
could have an imbalanced immune system with blunted Treg function leading to proneness to develop 
higher circulating IgE levels, diminished control of tolerance to allergens, and subsequently develop 
symptomatic disease such as rhinitis.  

We have previously within the same cohort reported abnormal bacterial immune response in PBMCs 
in infants developing asthma later in childhood.9 The immune responses associated with asthma were 
dominated by increased Th2 cytokines (IL-5 and IL-13) in response to the same three pathogenic 
airway bacteria. However, in contrast to the current findings, no associations existed between IL-2 
release and development of asthma, which underlines different immune patterns driving the 
heterogeneous phenotypes of allergy and asthma and suggests that low-dose IL-2 therapy might be 
targeted solely to the allergic phenotype. This fits well with a recent study from a food allergy mouse 
model showing that low dose IL-2 treatment could control the allergic inflammatory process by 
inducing expansion and activation of the Treg population. 24 Further experimental studies of i.e. 
allergen-specific stimulations of human PBMCs are needed to determine whether IL-2 therapy should 
solely be targeted to the allergic phenotype.  
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Higher IL-13 production upon bacterial stimulation of the PBMCs was observed to reduce the risk of 
allergic rhinitis, which was however not significant in the multivariate PCA approach. This is an 
unexpected finding as co-expression of IL-4, IL-13 and IL-5 are normally observed in patients with 
ongoing symptoms of rhinitis. A non-coordinate expression of IL-4, IL-13 and IL-5 can occur when 
distinct Th2 clones produce each cytokine individually. Thus, the discrepancy in expression of IL-5 and 
IL-13 may suggest a transient expression pattern associated with the initial stage of Th2 priming as we 
investigated the response from stimulated PBMCs in 6-month-old asymptomatic infants long before 
onset of any symptoms of allergic rhinitis.  

Our T cell compartment data showed an association between the composition of γδ T cells and total-
IgE level suggesting a possible function of γδ T cells in the development of allergic diseases. Such 
association has previously been reported in children with atopic dermatitis aged 1 to 10 years, 
whereas no association was observed for total-IgE level within these children with atopic dermatitis.32 
Finally, we also identified an inverse association between the composition of iNKT cells and total-IgE, 
which is consistent with previous findings in adult asthmatics.33  

Conclusion 

Reduced IL-2 production and increased IL-5 from PBMCs in response to bacterial stimulations in early 
life were associated with development of elevated total-IgE and allergic rhinitis during the first 7 years 
of life. This finding is of possible clinical relevance as experimental studies have shown that low-dose 
IL-2 therapy can restore immune tolerance by expansion of Tregs.  
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Tables 

Table 1. Supernatant cytokine levels in response to pathogenic airway bacteria at 6 months (n=331). 

IQR=Interquartile range. 

Cytokine 
supernatant 

Control,  
median (IQR) 

H. influenzae, 
median (IQR) 

M. catarrhalis, 
median (IQR) 

S. pneumoniae, 
median (IQR) 

IL-2 (pg/ml) 0·8 (0-4·2) 4·8 (1·2-14·6) 12·2 (3·2-28·5) 9·5 (1·4-41·8) 

IL-10 (pg/ml) 0·0 (0-1) 15·0 (2·2-60·2) 22·5 (3·9-77·6) 1·8 (0-9·9) 

IFN-γ (pg/ml) 0·4 (0-1) 4·5 (0·3-77·9) 19·9 (0·8-233·9) 1·4 (0·2-12·2) 

TNF-α (pg/ml) 1·5 (0·5-4·1) 35·5 (8·2-169·2) 54·2 (17·7-201·7) 21·5 (5·2-101) 

IL-5 (pg/ml) 0·0 (0·0-0·0) 0·0 (0·0-0·4) 0·4 (0·0-2·4) 0·0 (0·0-0·6) 

IL-13 (pg/ml) 0·0 (0·0-0·0) 14·9 (0·0-75·5) 60·4 (5·7-203·3) 10·9 (0·0-71·6) 

IL-17A (pg/ml) 0·0 (0·0-1·8) 1·9 (0·0-12·6) 9·4 (0·5-43·0) 2·2 (0·0-17·6) 

Table 2. Composition of T cell compartment at 6 age months (n=242). 

IQR=Interquartile range. 

T cell profile Median (IQR) 

Helper T cells (%) 68·5(62·6-72·4) 

Cytotoxic T cells (%) 24·1(20·6-29·8) 

Regulatory T cells (%) 2·3(1·8-2·9) 

γδ T cells (%) 3·0(2·2-3·9) 

Invariant NK T cells (%) 0·1(0·1-0·1) 

Values are percentage of all CD3+ T cells  
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Figure 1.  Association between selected cytokines and allergic outcomes 

Association between cytokines from 6 month (n=331) upon stimulation with H. influenzae, M. 
catarrhalis and S. pneumoniae and log transformed total IgE (mean=1.505, SD=1.115), allergic 
sensitization determined by skin prick test (case/control=44/173) and specific-IgE level 
(case/control=93/173) at 6 year, and allergic rhinitis (case/control=38/185) at 7 year. The shown 
cytokines were from the best fitted models, which were defined by forward stepwise regression in 
relation to each clinical outcome.  

Ordinary least square regression for log transformed total-IgE level and logistic regression for the rest 
of allergy outcomes was each regressed on cytokines from each stimulation in a forward stepwise 
fashion by retaining IL-2 in the selection process. The overall fitness of selected models was accessed 
and relevant model statistics (Odds Ratio (OR) for binary outcomes, coefficients for continuous 
outcome and their associated 95% confidence intervals) for significant ones were shown in solid colors 
and bigger dot size, otherwise the colors were faint and the dots were smaller.  

Positive SPT = positive skin prick test, hi=H. influenzae, mc= M. catarrhalis, sp= S. pneumoniae. 
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Figure 2.  Association between cytokine profiles from 6 month (n=331) upon stimulation with H. influenzae, M. 
catarrhalis and S. pneumoniae and log transformed total IgE, allergic sensitization determined by skin prick 
test and specific-IgE level at age 6 and allergic rhinitis at age 7 

A. Cytokine loadings of PC1 to PC4 from principle components analysis (PCA). 

B. Ordinary least square regression for log-transformed total-IgE level and simple logistic regression for the rest 
clinical outcomes was each regressed on PC1-4. The values of test statistic of regression coefficients are plotted 
in the heatmaps. Blue indicates negative association and red indicate positive association. 

Asterixis (*) indicates p<0.05.  hi=H. influenzae. mc= M. catarrhalis. sp= S. pneumoniae. Log transformed total 
IgE (mean=1.505, sd=1.115). Number of allergic rhinitis and control (38/185). Number of Kids with allergic 
sensitization assessed by level of specific IgE and healthy control (93/173). Number of Kids with allergic 
sensitization assessed by skin prick test (SPT) and healthy control (44/173). 
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Figure 3.  The association between T cell compartment at 6 month and allergy outcomes at age of 6 year. 

Multiple linear regression for log transformed total-IgE level and multiple logistic regression for the rest of allergy 
outcomes was regressed on isometric transformed T cell compartments. The values of test statistic of regression 
coefficients are plotted in the heatmaps.  

Blue indicates negative association and red indicate positive association. Asterixis (*) indicates p<0.05. 

Online table and figures  

Table e1. Supernatant IL-5 levels in response to pathogenic airway bacteria at 6 months (n=239). 

IQR=Interquartile range 

 Control, 
median (IQR) 

H influenzae, 
median (IQR) 

M catarrhalis, 
median (IQR) 

S pneumoniae, 
median (IQR) 

Cytokine 
supernatant     

IL-5 (pg/ml) 0·0 (0-0·04) 0·12 (0-0·77) 1·29 (0·24-4·11) 0·14 (0-1·25) 
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Figure e1.  The score plots of principle components 1-4 (PC1-4) from principle components analysis (PCA) based 
on cytokine profiles from 6 month (n=331) upon stimulation with H. influenzae, M. catarrhalis and S. 
pneumoniae. The 90% confidence ellipse are added. 

 

Figure e2.  Sensitivity analyses of the association between selected cytokines and allergic rhinitis  

Association between cytokines from age 6 month (n=239) after removal of the IL-5 non-responders upon 
stimulation with H. influenzae, M. catarrhalis and S. pneumoniae and allergic rhinitis (case/control=27/120) at 7 
year. The shown cytokines are derived from the best fitted models defined by forward stepwise regression in 
relation to allergic rhinitis.  
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Figure e3.  Cytokine loadings of PC1 to PC4 from principle component analysis (PCA) 

Loading plots from PCA based on cytokines from 239 children, after removal of IL-5 non-responders. 

 

Figure e4.  The scatter plot about association between T cell compartment and log transformed IgE level at 
age 6.   
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