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ABSTRACT 

The prevalence of IgE-mediated food allergies and adverse reactions to foods has risen 

dramatically over the past 15 years, particularly in Australia, the UK, and North 

America. This has been most apparent in infants and very young children, placing 

substantial pressure on health services and significant burden on the children, their 

families and educational systems. As with other allergic conditions, the rise in food 

allergy appears to be the consequence of increasingly urbanised environments and 

‘modern lifestyles’, adversely affecting the immune system early in development. 

Despite the pressing need to elucidate this, neither the pathogenesis nor the causal 

pathways of food allergy have been clearly defined.  

 

Previous studies suggest that food allergy is associated with a failure of regulatory 

mechanisms that normally suppress the emergence of CD4+ Th2 cells, thereby allowing 

the production of excessive allergen-specific IgE. Importantly, pre-symptomatic 

differences in immune function are detectable at birth in children who develop IgE-

mediated food allergies, suggesting that the immune dysregulation is initiated in utero. 

Elucidation of the specific early differences in gene expression patterns in allergic 

individuals may provide valuable clues to both pathogenesis of food allergy and 

pathways susceptible to environmental influence. 

 

This is the first study to employ state-of-the-art microarray technology to compare 

genome-wide expression patterns longitudinally, in allergic and non-allergic infants 

during very early life. Microarray studies have become increasingly useful screening 

tools for identifying new candidate genes associated with disease in a number of clinical 

settings. Since the events initiating allergic immune responses begin before the clinical 

expression of food allergy, the aim of the current study was to apply this technology to 

survey genome-wide expression patterns in adaptive and immune pathways, both pre-

symptomatically (at birth) and after the development of food allergy symptoms (at 12 

months of age) in the same infants, and to compare this with non-allergic children. 

Because these investigations are carried out in very early life, before the establishment 

of stable immunological memory against food allergens, these studies have focused 

mainly on polyclonal cellular responses rather than specific responses to individual 

allergens, to investigate the very early mechanisms of immune dysregulation. 
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A cohort of 30 peripheral blood samples collected from children who developed 

physician-diagnosed IgE-mediate food allergy to either hen’s egg, cow’s milk or peanut 

at 12-months of age were selected for this study. An additional cohort of 30 non-allergic 

children was included for comparison. Primary cell cultures were established and 

designed to interrogate both innate (LPS 1ng/ml) and adaptive (anti-CD3, 0.5 ug/ml) 

immune responses, and where possible, purified cell sub-populations were harvested 

from these cultures for microarray experiments. In parallel, a restricted panel of 

cytokine responses to relevant allergens (ovalbumin, house-dust mite) and 

superantigens (staphylococcus enterotoxin B) were assessed concurrently and compared 

between the groups. The same experimental protocol was applied at birth and at 12-

months, and the microarray and functional immune response data were analysed to 

reveal genes that were differentially expressed at each time-point between allergic and 

non-allergic infants. The cord blood and 12-month data sets were then combined and 

the microarray analysis was repeated to define genes that were developmentally 

regulated between birth to 12-months, contrasting the groups of allergic and non-

allergic infants. 

 

Microarray studies of neonatal CD4+ T-cells activated with anti-CD3 revealed several 

genes that showed reduced expression in the allergic group, including NFKB2, RELB, 

LIF and FAS. Furthermore, the allergic group also showed a trend for down-regulation 

of additional genes normally expressed after T-cell activation, including NFKB1, 

NFKB1A, and TNFAIP3. Several of these genes are involved in the formation of the 

NF- B complex, which is a down-stream signalling event following T-cell activation, 

and couples the transcription of IL-2 and other important genes to the T-cell receptor 

(TCR). Although not all of these genes reached statistical significance, the consistency 

of effects seen in this aspect of neonatal CD4+ T-cell function suggests a deficiency in 

the transduction of the signalling cascade initiated after TCR engagement. This is also 

consistent with the functional immune responses at birth, which indicate a widespread 

deficiency in the ability of cord blood T-cells from the allergic group to proliferate in 

response to polyclonal stimulus, and reflected in the reduced capacity to synthesize 

various cytokines (Th1, Th2 and regulatory cytokines) following allergen challenge.  

 

At 12 months of age when the infants in the food allergy-positive group had symptoms, 

two key genes were identified as differentially expressed compared with the non-

allergic group: MT1A, a gene with a protective role against oxidative stress in the gut, 
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and a transcript variant of LAIR2, a modulator of T-cell responses, were uniformly 

down-regulated in activated CD4+ T-cells in the allergic group. Interestingly, the 

primary immune responses to allergen stimulation measured at this age were 

characterized by hyper-production of mixed (Th0) Th1 and Th2 cytokines in children 

with food allergy, suggesting abnormal mechanisms of tolerance. These genes may 

therefore play an important role in modulating T-cell mediated tolerance. 

 

Analysis of innate gene expression profiles driven by LPS stimulation at birth and at 12-

months revealed highly similar responses between allergics and non-allergics. Analysis 

of functional cytokine production at these ages indicated no significant differences in 

IL-1 , TNF- , IL-10 and IFN- , consistent with the microarray data. The trajectory of 

TNF-  and IL-10 production from birth to 12-months differed in the allergic group, and 

the microarray analysis identified two developmentally regulated genes that also 

different in trajectory over this period in monocytes from children with food allergy. 

MARCH1 regulates the expression of Major Histocompatability Complex II (MHC II) 

molecules on the surface of APCs and has effects on antigen presentation and immune 

surveillance. VSIG4 was also found to be differentially expressed over this period, and 

plays a role in the maintenance of tolerogenic T-cell responses in healthy tissues. This 

provides preliminary evidence that multiple aspects of immune development are 

modified in children who develop food allergy. Furthermore, the data suggests that 

modified antigen presenting cell (APC) function between birth and 12-months is related 

to altered T-cell function in the perinatal period.  

 

This is the first study to undertake extensive longitudinal profiling of both innate and 

adaptive immune cell function in children who develop IgE food allergy. The candidate 

genes identified in this thesis are logical candidates for further detailed immunological 

and genetic studies of key immune cell signalling pathways. The results of this work 

will assist in informing the design of similar studies in the future.  Further analysis of 

these pathways may reveal the initiating mechanisms which modify early immune 

function, and how this is related to the emergence of the allergic phenotype. This may 

ultimately provide future targets for better prediction and prevention of allergic disease. 
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Introduction to this thesis 

The prevalence of food allergies and adverse reactions to foods has risen dramatically 

over the past 10-15 years. The rate of hospital-based admissions for anaphylaxis to 

foods doubled in the UK and North America, and increased five-fold in Australian 

children aged 0-4 over this period (1-4). Food allergies are most evident in preschool 

children (0-4 years of age) (5) living in highly urbanized environments. A recent large 

scale US survey also showed a significant (greater than 3-fold rise) increase in the 

prevalence of peanut allergy between 1997 and 2008 alone (6). Furthermore, developing 

countries actively moving toward ‘urbanization’ are showing similar trends (7), and it is 

predicted that rates of food allergy will increase in these highly populated areas. Clearly 

the rise in food allergies has global implications, bearing a significant impact on 

families, public health and education systems, and many other aspects of social life.  

 

The epidemic rise in food allergies is a relatively recent feature of the ‘allergy 

epidemic’, which refers to the rapid outbreak of allergic (asthma, eczema, rhinitis) and 

autoimmune diseases around the world during the last 60 years (8). The allergy 

epidemic has been most prevalent in ‘Westernized’ countries (9, 10), following the 

period of industrialization after the Second World War (11). Emerging nations currently 

undergoing ‘Westernization’ are now showing similar concerning trends (7, 12, 13), 

which clearly indicates that the developing immune system is highly vulnerable to 

environmental change.  

 

The specific environmental factors driving the allergy epidemic are unclear, and it is 

also unclear whether these same factors are contributing to the recent rise in food 

allergies, which were less common at the onset of the epidemic (initially dominated by 

the rise in asthma and respiratory disease). Whilst there have been many candidate 

factors associated with the propensity for allergic disease, the leading candidate has 

been a reduction in microbial exposures (8, 14), which are known to be critical for 

immune development. Given the central role microorganism play in the colonization of 

the gastrointestinal tract and the establishment and maintenance of oral tolerance (15), 

this is of particular interest in the context of food allergy and other disorders of oral 

tolerance networks.  
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Disruption of initial patterns of intestinal colonization shortly after birth can have 

implications for the subsequent predisposition to allergic diseases (16, 17). This 

together with other environmental changes associated with Western diets (18), current 

infant weaning practises (19), and other exposures (discussed in Chapter 1.0), are likely 

to contribute to the success of oral tolerance and the predisposition for food allergy. The 

best options for safe and effective preventative strategies lie in a better understanding of 

the early immune pathways affected by these risk factors. The studies of this thesis aim 

to make an important contribution by characterizing developmental patterns of gene 

expression during the immune response, to identify previously undiscovered immune 

pathways/processes affected in children who develop IgE-mediated food allergy. 

 

Since food allergies are most prevalent in early life, this period represents a critical 

‘window of opportunity’ for the induction of oral tolerance and the development of 

protective immune networks. Whilst postnatal exposures are likely to be important in 

the early disruption of these tolerance networks, variations in neonatal immune function 

detectable at birth in children who develop food allergy (20) suggest the underlying 

pathogenesis may begin even earlier.  

 

This is consistent with growing evidence that allergic diseases arise from gene-

environment interactions occurring during critical periods of immune programming in 

utero (21, 22). There is emerging evidence that maternal microbial exposures (23), 

dietary patterns (24) and pollutant exposure (25) can permanently modify foetal gene 

expression in ways that may predispose to allergic disease. These interactions can alter 

normal patterns of neonatal gene expression during cellular development through 

epigenetic mechanisms, which operate independently of inheritance (also reviewed in 

(21)). Furthermore, these epigenetic changes in disease susceptibility can passed to 

subsequent generations, and may represent a basis for increasing propensity to develop 

the allergic phenotype in later life. For these reasons, the work of this thesis also 

examines the patterns of pre-symptomatic gene expression at birth in children who 

subsequently develop food allergy. 
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There is still much that remains unclear about the events and interactions that disrupt 

the development of oral tolerance, particularly in humans. Importantly, the underlying 

immune pathways that are altered by these changing environmental conditions have not 

yet been identified. Whilst many of the cellular networks that regulate tolerance have 

been characterized (26-29), there is much uncertainty over the primary pathways 

affected during the onset of food allergies and the failure of oral tolerance networks.  

 

Innate cells, notably dendritic cells (DC) networks play a major role in maintaining a 

tolerogenic milieu in the gastrointestinal tract during antigen encounter. Production of 

TGF  and other regulatory cytokines favours local production of IgA, and the 

conversion of potentially reactive T-cells to a regulatory phenotype (as discussed further 

in Chapter 1.0). Food allergies appear to reflect the selective failure of these innate and 

regulatory networks allowing the emergence of specific reactive CD4+ Th2 clones that 

promote allergen-specific IgE production. Despite this, the understanding of how local 

events occurring in the gut can lead to the development of food allergies in humans is 

unclear. A key piece in this puzzle may lie in the peripheral circulation, since cells 

potentially sensitized in the gut can traffic to distal sites in the mucosal networks 

through the lymphatics and peripheral circulation (30) (31).  

 

Previous studies of circulating lymphocyte populations have shown developmental 

differences in children with food allergy (20) including functional differences 

(measured largely as cytokine responses) in both the T cell (32) and the innate (33) 

compartments of the immune response. The studies of this thesis are the first to extend 

this using cutting-edge genome-wide profiling techniques to extensively characterize 

the genes expressed in key immunological pathways during early development, 

comparing genes expressed during innate and adaptive immune responses in children 

with food allergy and non-allergic children, from birth through to the onset of clinical 

disease at 12-months. 

 

The genes identified in this thesis may indicate pathways altered by early-life gene-

environment interactions that contribute to the risk of developing food allergy. Further 

work into the pathways identified here may lead to the development of novel strategies 

for effective treatment and prevention. 
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Chapter 1.0 Literature Review 

Food allergy is part of a group of allergic inflammatory diseases including asthma, 

allergic rhinitis and eczema that are all characterised by inappropriate reactions to 

otherwise innocuous environmental antigens. Environmental changes have been 

associated with an epidemic rise in these diseases over the last 50 years. However, 

while there have been decades of research on respiratory allergic diseases such as 

asthma and rhinitis, there has been relatively little research into food allergy.  This is 

largely because the rise in food allergy has been a much more recent feature of the 

allergy epidemic, but the recently documented surge in these conditions highlights the 

urgent need to characterise the immunological processes that lead to food allergy.  

 

As a prelude to the studies of this thesis, this literature review will explore the current 

albeit limited knowledge of the pathogenesis of IgE-mediated food allergies, in the 

context of the worldwide epidemic of immune-mediated disorders. It explores the 

development of the gastrointestinal immune system, the factors influencing local 

(mucosal) immunity and oral tolerance as well as the development of systemic immune 

responses to food allergens. Furthermore, it examines the application of DNA 

microarray technology, including technological aspects and principles of microarray 

study design and how these may be applied to study the underlying pathways in the 

development of IgE food allergy.   

 

1.1 Definitions and Clinical Features of Food Allergy 

Food allergies are inappropriate immune reactions to normally innocuous food proteins, 

which lead to adverse clinical symptoms. It is important to distinguish food allergies 

from other forms of non-immune reactions to food such as pharmacological responses 

(to food chemicals), toxic reactions (to microorganisms and their toxins) and 

malabsorption syndromes such as lactose intolerance. Food allergy is enormously 

heterogeneous, and encompasses a wide spectrum of clinical presentations, each with 

different underlying immune mechanisms (see below), however this thesis will focus 

primarily on IgE-mediated symptoms as the most common clinical presentation of food 

allergy. In general terms, all of these conditions can be regarded as a failure of normal 

oral tolerance mechanisms to maintain non-responsiveness to dietary antigens. 
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1.1.1 Classification and Symptoms of Food Allergy 

There have been a number of different approaches to classifying food allergy, based on 

the patterns of symptoms, timing of onset and the underlying immune mechanism (34).  

It is common to make a broad distinction between “immediate” IgE-antibody mediated 

conditions and more delayed reactions, which appear to be (non-IgE) cell-mediated. The 

IgE-mediated reactions typically occur within minutes (usually less than an hour) 

following food exposure, with very typical symptoms associated with histamine release, 

including angioedemia, urticaria, itching, vasodilation, gastrointestinal disturbance, and 

in severe cases respiratory distress and/or cardiovascular compromise (anaphylaxis) (35, 

36). These symptoms can occur following exposure to very small amounts of allergen. 

There is also the potential to aggravate chronic disorders such as atopic dermatitis (37). 

Although the pathogenesis of these reactions is still not well understood, the processes 

underlying immediate IgE-reactions are well defined. By definition, these patients test 

positive for specific IgE to the triggering allergen (by serological or skin testing). 

Although clinical prognosis can vary significantly between individuals (according to 

age of onset, severity and natural history), the hallmark production of allergen-specific 

IgE is universal in these conditions, suggesting common cellular processes that 

contribute to the development of immune dysregulation. The studies of this thesis focus 

on better defining these underlying mechanisms in patients with IgE-mediated disease. 

 

In contrast, the mechanisms of non-IgE mediated or partially IgE-mediated food 

allergies are poorly defined, but presumed to be cell-mediated (37). The nature of these 

reactions is typically delayed, and can occur hours or even days after food exposure, 

generally triggered following larger amounts of the allergenic food. This includes a 

range of gastrointestinal syndromes such as eosinophilic oesophagitis, food-protein 

induced enteropathy, enterocolitis and proctocolitis (depending on the location and 

extent of gut involvement) as described in detail elsewhere (37). It also includes a 

subgroup of children with eczema who have food- associated exacerbations of 

symptoms (with or without associated IgE mediated symptoms). These patients 

typically test “negative” on allergy tests for specific-IgE. As these conditions are likely 

to represent very different pathogenic mechanisms, they will not be the focus of this 

thesis. 
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1.1.2 Food Allergy as One of the First Signs of the Allergic Phenotype 

Together with eczema, food allergy is one of the earliest manifestations of the allergic 

phenotype. These conditions can typically appear within the first few months of life, 

peaking at around 2 years of age, declining gradually thereafter (38). Despite the 

clinical differences between these conditions, food allergies and atopic dermatitis are 

frequently associated (37), and follow similar patterns of age-related changes. In 

contrast, allergic sensitization to inhalants usually begins between 2-3 years, coinciding 

with the decline of food allergies and dermatitis, consolidating through school years 

with associated symptoms of asthma and allergic rhinitis. This typical pattern of age-

related changes in manifestations of the allergic phenotype is termed ‘the atopic march’ 

(39, 40). Although these patterns of clinical manifestation are common, many children 

do not follow the atopic march, and sensitization can occur at any age in many 

individuals (41, 42).  

 

1.1.3 The natural history of IgE mediated food allergy: Is this changing? 

Food allergies are most prevalent in children (37) and relatively rare in the adult 

population. Over 90% of food allergies are caused by a small number of foods (36) with 

egg, cow’s milk, and soy being the most common in children under 3 years. Most 

children become tolerant to these dietary antigens within the first three to five years 

(43), although there is growing evidence that this may also be changing (44, 45). In 

contrast, allergies to other common foods such as peanuts, tree nuts and shellfish more 

commonly persist into adult life (38), although approximately 20% of patients may still 

outgrow peanut allergy in childhood (46). 

 

New data suggests that, in addition to the rising prevalence of food allergy, there may 

also be increasing persistence of previously “transient” forms of food allergy such as 

egg and milk allergy. A study from the United States reported that only 19% of children 

with cow’s milk allergy showed resolution by 4 years of age, with 42% resolution by 

age 8, 64% by age 12, and 92% by age 16 in 4117 patients reviewed in a tertiary allergy 

clinic (47).  This is in marked contrast to earlier figures from Denmark (48) in which 

allergy to cow’s milk largely resolved by 3 years. A study from Australia indicated only 

56% of patients resolved cow’s milk allergy by age 4 (49), and figures from Israel 

indicate only 41% of children with IgE food allergy achieved clinical tolerance to cow’s 

milk protein over a 9-year follow up (50).  These differences in prognosis might reflect 

phenotypic (age of onset, disease outcomes) and geographical variations (processing of 
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foods etc), but also selection bias, as some cohorts were referrals from tertiary medical 

centres and others from unselected populations, and one study did not discriminate 

between cow’s milk allergy and intolerance. Similar trends have been reported for hen’s 

egg allergy. In a cohort of patient reviews in a tertiary allergy clinic, only 4% of patients 

with egg allergy achieved tolerance by age 4 years, 12% by age 6 years, 37% by age 10 

years, and 68% by age 16 years. Again, this is markedly different from previous 

estimates, in which 50% of children achieved tolerance by the age of 4.5 (51).  

 

1.1.4 Limitations of Current Treatment and Need for Better Strategies 

Current treatment approaches focus on avoidance, with action plan strategies in the 

event of accidental exposures. This generates considerable burden and anxiety for 

patients, families, and communities. The ideal strategies for addressing this growing 

health crisis are: a) effective primary prevention, and: b) more definitive strategies to 

treat disease by inducing tolerance. Both of these approaches require a better 

understanding of the causal pathways and immune mechanisms involved in the 

pathogenesis of food allergy. The timing of solid food introduction has been a recent 

research emphasis, with observational studies suggesting dietary avoidance strategies 

may be delaying tolerance induction (19). There is still very limited understanding of 

the role of allergens in tolerance induction, and there has been an urgent need for 

studies to address this (52). Similarly, while there has been progress in the development 

of specific oral tolerance induction (SOTI) there are still many uncertainties about the 

mechanisms involved, the effectiveness, how to determine this, and the duration of 

protection (53). Again, a greater understanding of pathways involved in the 

development of food allergy will be a great asset.  

 

1.2 Epidemiology of Food Allergy in the Context of a Wider Epidemic 

The prevalence of all allergic disorders has risen dramatically to epidemic proportions 

over the past fifty years, posing significant health burdens for both industrialized, and 

more recently for developing nations (10). This concerning rise in disease coincides 

with a rise in many other immune-mediated disorders, including the spectrum of 

autoimmune disorders (8), suggesting that common immune pathways, or 

environmental factors are involved.  
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1.2.1 The Allergy Epidemic: Changing Patterns of Allergic Disease 

Until the latter half of the twentieth century, allergic diseases were relatively uncommon 

and there were few epidemiological studies to examine the prevalence of allergic 

conditions. In 1984, Taylor et al reported the prevalence of childhood eczema had risen 

in the post-war period between 1946 and 1970 (11). Similar observations regarding 

increasing rates of hay fever and respiratory conditions were noted soon after (54). 

Initially, these observations were considered post-industrial phenomenon associated 

with population movements, changes in agriculture, air content, a reduction in parasitic 

infections, dietary factors and general lifestyle changes. There has been more recent 

interest in the likely role of general microbial burden, including non-infectious 

commensal organisms, with the emergence of the “hygiene hypothesis”.  

 

Two key observations made in the late 80’s and early 90’s that suggested declining 

household and sibling size in the post-war period were strongly associated with 

increased rates of atopy and respiratory disease (55, 56). The authors of these studies 

suggested the reduction of household and sib-ship size was directly related to a reduced 

number of early childhood infections, and thus concluded that early-life exposure to 

microbes was important in modulating immune development. In his article, David 

Strachan proposed a model known as the ‘hygiene hypothesis’ to explain the 

observation that children from smaller families had more hay fever and eczema, 

presumably from a lack of childhood infections (55). The hygiene hypothesis is still a 

leading candidate to explain the rise of allergic disease and surmises that changes in the 

environment associated with ‘westernization’ have disrupted the balance between 

developing immunity and the ‘immune-maturation’ signals provided by exposure to 

microorganisms shortly after birth. In support of this, differences in early gut 

colonization patterns were noted as early as 1 week of age between populations of high 

(Sweden) and low (Estonia) atopy (17) in geographically similar regions. Several 

studies noted that a reduction in childhood infections and higher use of antibiotics was 

associated with an increase in symptoms of allergic disease (57-59). 

 

In keeping with the hygiene hypothesis, epidemiological studies initially reported that 

chronic allergic diseases such as allergic rhinitis and atopic asthma were more common 

in Western cultures and urban (‘cleaner’) environments (9). However, follow up studies 

have since shown that many developing nations are now also affected as they adopt 

similar lifestyle changes (10, 60).  



 9 

 

Food allergy was not an obvious feature in these initial studies, with a much lower 

prevalence than other allergic diseases. However, there is now evidence that the profile 

of allergic diseases may be changing further, particularly in developed countries such as 

Australia, the United Kingdom, and New Zealand, where a recent surge in food 

allergies (5) appears to coincide with a relative decrease (or plateau) in asthma burden 

(61). The reasons for this differential effect on prevalence are unknown, and may reflect 

additional or unrelated lifestyle factors adversely impacting the developing immune 

system.  

 

1.2.2 The Changing Prevalence of Food Allergy 

The prevalence of food allergies has risen dramatically over the past 10-15 years, to 

such an extent that food allergies are now recognized as a worldwide problem. Striking 

increases in food allergies have been reported in Australia (1, 5), the UK (2, 3), 

USA(62)
-
(63), and many developing and Eastern countries are also showing concerning 

trends (7, 12, 13, 64, 65).  

 

Because of the rapidly changing prevalence, it is difficult to define current levels 

accurately. Although adverse reactions to foods are reported to affect 5% of young 

children and 3-4% of adults in countries most affected (reviewed in (6)), these 

previously reported levels are likely to underestimate the current prevalence. 

Sensitization to foods in young children is much more frequent, and preliminary reports 

from new population-based studies suggest that more than 25% of 1 year old children 

attending community health clinics are sensitised to food allergens (on skin testing) and 

around 50% of these show clinical food allergy on food challenges (Prof. Susan 

Prescott, personal communication). This suggests food allergy rates may be now much 

higher than previous reports. 

 

Other key epidemiological indicators of rising food allergy include an increase in the 

rate of severe acute presentations to allergy clinics (66), dramatic increases in food-

induced anaphylaxis in Australia (1, 5), the UK (67) and USA(4), and a general increase 

in hospital presentations for acute food allergy and urticaria (2). In the past it has been 

difficult to assess the extent of this problem due to the inaccuracies of self-reported 

symptoms of food allergies in population studies (68). More recent meta-analyses of 

studies employing reliable methods to diagnose food allergy, such as oral challenge, 
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skin test reactivity and specific IgE testing, have been more informative in 

substantiating the rising prevalence of food allergies.  

 

The most recent data suggests the prevalence of food allergies have increased 18% over 

a 10-year period (97-2007) in North America (4). The rate of food-attributable 

anaphylaxis in Australia rose 13.2% annually between 1994/5 – 2004/5 (1), whilst the 

UK reported that admissions for food allergy rose by approximately 40% annually 

between 1990/1-2003/4 (2). Studies on peanut allergy continue to document a 

concerning rise in the prevalence of peanut allergies in Australia, the UK, USA and 

Canada during this same period (4, 45, 69). This follows additional evidence that 

persistent food allergies are now becoming more commonplace (47, 69, 70), and there 

are concerns that the prognosis of food allergy may also be changing. Specifically, the 

increasing persistence of food allergy in older children (Section 1.1.3.) is likely to 

contribute to growing prevalence in older age groups. 

 

1.2.3 The Implications: the Growing Burden of Food Allergy 

The association between ‘westernization’ and rising rates allergic disease has wide-

reaching implications for emerging nations undergoing westernization. Already there is 

evidence from migration studies that different ethnicities may be more prone to allergic 

disease when living in westernized environments (42, 71). This has broad reaching 

implications for heavily populated developing nations such as China and India, which 

are rapidly becoming westernized and now beginning to record an increase in allergic 

disease (72). As these countries continue to move toward progressive urbanization, the 

predicted rates of food allergy and other immune-diseases is expected to rise. With 

continuing investment into feeding this growing World population, new food-

technologies are emerging. As the agriculture biotech sector continues to grow, it is 

difficult for food regulatory agencies to assess the potential allergenicity of novel foods. 

With so much that remains unclear, it is critical that a better understanding of the 

pathways underlying food allergy is garnered to develop safe and effective preventative 

strategies.  
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1.3 Immune Mechanisms Underlying the Acute Inflammatory Response to 

Food Allergens 

As with other acute allergic inflammatory conditions, (IgE-mediated) food allergy is 

characterised by type I (immediate-type) hypersensitivity driven by the production of 

allergen-specific IgE. Original work in classifying hypersensitivity disorders is credited 

to Coca and Cooke in the 1920s, who also defined ‘atopy’ as the propensity to develop 

such IgE-mediated hypersensitivities (73). As discussed here, the development of IgE to 

dietary antigens is the culmination of underlying “pro-allergic” T cell signalling, which 

are in turn programmed by antigen presenting cells (APC) and regulated by regulatory T 

cell (Treg) populations. Dysregulation of these various underlying cellular pathways is 

central to the pathogenesis of the IgE responses, although the specific causal 

mechanisms are unclear. Differences in the functions of many of these processes have 

been observed between allergic and non-allergic individuals. Considerable 

heterogeneity among phenotypes and lack of consistent isolated defects make it 

increasingly likely that allergic diseases are due to alterations in developmental patterns 

of gene expression.  

 

1.3.1 IgE and the Acute Response 

The clinical symptoms of an acute food reaction are mediated by allergen-specific IgE 

antibodies. The development of allergen-specific IgE is called sensitization, and in 

‘sensitized’ patients exposure to allergens leads to cross-linking of high affinity IgE 

receptors (FceRI) with antigen-specific IgE on the surface of mast cells. The resulting 

“acute phase” of inflammation is then driven by degranulation and the release of 

histamine from mast cells, along with other inflammatory mediators such as 

prostaglandin D2 and leukotriene C4 (74). These collectively produce the vasodilation, 

angioedema, itching and urticaria that typify the acute IgE-mediated clinical reaction. 

Although this is typically self resolving in food allergy, with no chronic symptoms, 

some patients (particularly those with eczema and asthma) can also have “late phase” 

responses following IgE-mediated trigger with associated chronic cellular inflammation 

as a secondary event. This late-phase secondary response induces the expression of 

adhesion molecules (ICAM-1) and chemokines (CC chemokines and CXC chemokines, 

RANTES, IL-8) that induce chemotaxis or recruitment of immune cells such as 

lymphocytes, eosinophils, neutrophils and macrophages to the site of inflammation 

(typically to the skin or the airways in more chronic forms of allergy).   
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Importantly, not all atopic patients will develop clinical symptoms on exposure to the 

relevant allergen. The reasons for this are also unknown, but are likely to involve local 

tissue factors in determining clinical responsiveness. 

 

1.3.2  The Role of T-cell Pathways in the Pathogenesis of Allergic Disease 

The production of allergen-specific IgE response is mediated by CD4+ “helper” (Th) 

cells typically programmed into patterns of T-cell “memory” during early childhood 

(75). It is well recognized that production of interleukin (IL)-4 and IL-13 T-cell 

cytokines promotes IgE synthesis by B-cells (76). Other T-cell cytokines (IL-5 and IL-

9) are also important for recruiting polymorphonuclear cells that promote allergic 

inflammation. Collectively, these cytokines are known as Type-2 T-helper [Th2] 

cytokines, and are a defining hallmark of the allergic cellular response (77), and distinct 

from the Type-1 T-helper [Th1] response that is dominant in non-allergic individuals.  

 

The description of these distinct T-cell subsets by Mosman et al (78) in the mid 1980’s 

was the basis of the Th1/Th2 paradigm, which emerged as one of the earliest 

mechanistic explanations for the development of allergic disease. Their experimentation 

in murine models of allergy revealed that naïve T-cells could polarize into separate and 

distinct clonal populations characterized by the array of cytokines they produced. Th1 

cells commonly associated with viral and bacterial infections produced IFN-  and IL12, 

whereas Th2 cells producing IL-4, IL-5, IL-9 and IL-13 were commonly associated 

with allergic conditions through their ability to promote the production of IgE (79).   

 

Although the Th1/Th2 dichotomy was less apparent in humans than it was in mice (80), 

there has been evidence to support this paradigm in humans and longstanding interest in 

factors that influence T-cell polarization (81). This paradigm was based on the concept 

that Th1 and Th2 were dichotomous ends of a continuum, with initial speculation that 

environmental factors may be shifting the relative balance between these. Most notably, 

it was proposed that childhood exposure to bacteria might promote favourable immune 

deviation toward a Th1 profile, with cleaner modern environments contributing to rising 

Th2 propensity. However, a number of inconsistencies in this model had led to a more 

expanded view of this paradigm. Most notably, a simple shift in Th1/Th2 balance could 

not explain the parallel rise in both Th2 and Th1 immune disorders (8) (autoimmune 
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diseases such as type I diabetes, multiple sclerosis and inflammatory bowel diseases). 

Similarly, there were observed inconsistencies between the allergy-protective effects of 

Helminth infections despite induction of Th2/IgE responses (82). These discrepancies 

are now explained in an expanded model in which regulatory T cells are recognised to 

play a critical role in controlling inappropriate Th1 and Th2 responses  (below Section 

1.3.4). 

 

While the simplified version of Th1/Th2 paradigm may not explain the rise in immune 

disease, the imbalance of excessive Th2 signalling is still a defining feature of allergy, 

and reflects dysregulation within the immune networks. There are now well-

documented differences in the CD4+ T-cell compartment in allergic children, and these 

have been observed in the number (83, 84) and function of effector T-cells (85, 86) of 

both the Th1 and Th2 variety (87), as well as in regulatory populations (20) with some 

evidence of a role for Th17 cells (88). There has therefore been an intense amount of 

research into what determines T-cell lineage choice. Despite this, the lineage 

relationships between naïve and effector T-cells are still poorly understood, since the 

realization that commitment of naïve T-cells to effectors and memory phenotypes could 

occur by several means. Therefore, a greater understanding of the development of T-cell 

subsets will be valuable in the understanding of allergic disease.  

 

1.3.2 The Role of Innate Cell Pathways in T Cell Programming and Allergy 

Pathogenesis 

There is substantial interest in the role of APC in priming T-cell responses and shaping 

patterns of developing immunity. Interactions at the T-cell/APC synapse are critical for 

shaping the subsequent immune responses, and many of these interactions can result in 

the enhancement, suppression or regulation of T-cell effector populations. As the first 

line of host defence, tissue networks of antigen presenting cells (APC) play a key role in 

tissue surveillance, and play a critical role in priming, activating and programming 

adaptive T cell responses. As such, they are critical regulators of both mucosal and 

systemic immunity. Dendritic cells (DC) are the key APC involved in priming naïve T-

cell responses. These cells are resident at the main sites of antigen encounter, including 

the skin (Langerhans cells) the gut and the respiratory tract. Termed ‘professional 

APCs’ for their constitutive expression of MHC class II molecules and integrins at the 

cell surface, they play an important role in determining naïve CD4+ T-cell lineage 

commitment. These and other APC populations are discussed in more detail in the 
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context of the mucosal immune system of the gut, where they play a central role in the 

development and maintenance of oral tolerance (Section 1.4). 

 

APC are ‘hard-wired’ to recognise microbial elements through a family of pathogen 

recognition receptors (PPR) at the surface known as the toll-like receptors. These 

receptors recognise highly conserved microbial surface elements known as pathogen 

associated molecular patterns (PAMP) and initiate innate immune responses, typically 

culminating in the production of IL-12 and other innate cytokines (89). While these 

products are essential for innate immune defence, they also influence the developing 

adaptive (T-cell) response (90). Exposure to microbial antigens is a key factor in driving 

APC activation and favours the production of cytokines (such as IL-12), which promote 

“Th1” patterns of T-cell differentiation. This has been a key mechanism proposed to 

explain the allergy-protective effect of microbial exposure (Section 1.2.1). Successful 

activation of T-cells also requires a secondary signal provided by co-stimulatory 

molecules (such as CD80/86) on the surface of APC, which are also induced by 

microbial exposure and other “danger” signals. Levels of co-stimulatory molecule 

expression reflect the maturational status of the APC and indicate its overall ability to 

process and present antigen to circulating populations of CD4+ T-cells. In the absence 

of co-stimulation, naïve CD4+ precursors may undergo clonal deletion (apoptosis) or 

importantly, may be induced to mature into stable populations of anergic T-cells 

expressing highly levels of regulatory cytokines (IL-10 and TGF- ), with strong 

suppressive effects on the proliferation of naïve T-cells (Section 1.3.4) (91, 92).  

 

There is still only limited evidence of differences in innate cell function in allergic and 

non-allergic individuals, and further delineation of these pathways is included in the 

work of this thesis. One new study suggests that allergic children may have 

developmental differences in the level of innate cell responses (93) although the 

significance of this is not yet clear. The determinants of these differences are also not 

clear and it is increasingly likely that both genetic and environmental factors play an 

important role (Section 1.7).  

 

1.3.4 The Role of Regulatory Pathways in the Pathogenesis of Allergic Disease 

The discovery of regulatory T cells  (Tregs) spurned keen interest in a growing number 

of populations that are now recognised to actively control the function of other cells, 
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generally in an inhibitory fashion. The specific mechanisms by which this is achieved 

are still unclear, particularly regarding events surrounding the induction of regulatory 

populations. Research to date suggests several predominant populations of regulatory T-

cells account for most of the effects observed in experimental systems. These include 

CD4+CD25+FoxP3+ natural Tregs (94), which exert their effects in a cell-contact 

dependent manner in a process dependent on CTLA-4 signalling (95). Also identified 

are Th3 cells (96), which derive from CD4+ precursors and are induced by oral antigen 

in the mesenteric lymph nodes, and are discussed more fully in the context of local 

immune events in the gut where they are likely to be highly relevant to the suppression 

of food allergy (Section 1.4). Characteristically these cells produce TGF-  with varying 

amounts of IL-4 and IL-10. Tr1 cells are known to be induced in the presence of IL-10 

(97), and produce IL-10 and IL-2 in the absence of IL-4 and TGF- . These cells 

suppress antigen-specific cellular proliferation in an IL-10 dependent manner. Natural 

Killer T-cells (NKT) comprise a population of NK cells that express characteristic T-

cell markers (81). These cells express a limited TCR repertoire, and produce large 

quantities of IL-4 and IFN-  with a strong role in airways hyper responsiveness (98).  

 

These insights provided a mechanistic explanation for the rising rates of both Th1-

mediated autoimmune and Th2-mediated allergic diseases within the same time frame 

(8). The resulting ‘counter-regulatory’ model expanded earlier concepts of the Th1/Th2 

paradigm in the context of the “hygiene hypothesis” (Section 1.2.1), proposing that 

microbial exposures also induce large quantities of regulatory cytokines (namely IL-10 

and TGF-Β) that ‘dampen down’ both Th1 and Th2 immune responses (14). Similar 

observations were made regarding the effects of parasitic worm infections in the 

developing world. In a landmark study by Van den Biggelaar, it was demonstrated that 

parasite-driven IL-10 production proved protective against the development of atopy, 

despite the associated high IgE production in these populations (99). A role for IL-10 in 

the suppression of immune responses had previously been described, however, the van 

den Biggelaar study provided a plausible link between infection from worms and the 

protection from allergic disease (100). This counter-regulatory model suggests that 

microbial and parasitic effects on the immune system function to promote long-term 

survival in the host, through the induction of regulatory cytokines that suppress 

immunity. The human immune system therefore may have evolved to function 

optimally under these conditions of high IL-10 and TGB  (a regulated environment). In 

previous decades, the prevalence of both infectious and non-infectious microbial burden 
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was substantially higher than today’s ‘hygienic conditions’. It was therefore proposed 

that contemporary hygienic conditions leave the developing immune system prone to 

“overzealous” responses to innocuous allergens, through less effective immune 

regulation (101).  

 

In summary, all of these cellular pathways contribute to the pattern of immune response 

to allergens. Differences in developmental programming in each of these pathways have 

been associated with the evolution of the allergic phenotype, and these differences in 

immune maturation are discussed separately in Section 1.4. The respective roles of 

these cells are best described in the context of systemic immune programming, as they 

relate to allergic propensity in general. However, these cells are also involved in 

establishing local tissue-specific patterns of immune responses. There is increasing 

evidence that these local mucosal events, particularly in the gut, are not only relevant 

for the development of food allergy (or tolerance), but also fundamental to many other 

aspects of normal immune function.    

 

1.4 Oral Tolerance and Gastrointestinal Immune Homeostasis 

“Immune tolerance” is critical for preventing harmful immunity against self-antigens, 

harmless environmental antigens (such as food proteins and other allergens), and 

persistent responses after clearance of a pathogen. Tolerance is mediated by T-cells and 

can be broadly classified into central and peripheral tolerance. Central tolerance is a 

process of T-cell selection in which T-cells with high affinity for self-antigens are 

deleted during the early stages of differentiation in the thymus. In the periphery, auto-

reactive T-cells that have escaped selection are controlled by regulatory lymphocytes 

(102). “Oral tolerance” refers to peripheral antigen-specific tolerance induced in the 

gastro-intestinal system after antigen encounter through the oral route (103). Tolerance 

at other mucosal surfaces such as the airways is also important for ensuring 

unresponsiveness to inhalant allergens; however tolerance induced via the inhalant route 

is known to involve different processes. In each case, tolerance is mediated by cells of 

both the innate and adaptive immune system that cooperate to initiate and control 

immune homeostasis (104), as outlined further below.   
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1.4.1 The Gut-Associated Lymphoid Tissues (GALT) 

With the largest surface area in the body and constantly exposed to elements from the 

external environment, the gut contains an intricate network of physiological and 

immunological elements, to assist in the digestion of foods and protection from 

infectious bacteria. As a mechanical barrier the gastrointestinal tract consists of a single 

epithelial layer linked by tight-junctions covered in a secretion of mucus to trap foreign 

particles and microbes, and prevent entry to the interstitial tissue. The immunological 

components of the gut located in the gut-associated lymphoid tissues (GALT), comprise 

the largest immune organ of the human body. This consists of inductive sites dedicated 

to immune surveillance called the Peyer’s Patches, which are aggregates of lymphoid 

tissues containing M-cells within the folds of the follicular-associated epithelium. The 

Peyer’s patches drain through mesenteric lymph nodes and are connected through a 

diffuse system of lymphatics populated by T-cells and B-cells, macrophages and plasma 

cells, to the common mucosal immune system. This diffuse network links the mucosal 

tissues of the skin, lung, nasopharyngeal surfaces, bronchus and vascular associated 

tissue. 

 

The GALT has a dual role:  to discriminate between pathogenic and innocuous antigens, 

invoking immunity to the former and tolerance to the latter (105). Cellular networks 

resident in the tissue make the ‘decisions’ in this process. These networks contain both 

innate (APCs, neutrophils, macrophages, NK cells) and adaptive (lymphocytes, M-cells) 

immune cells that discriminate foreign signals (through TLRs) and regulate T-cell 

responses to mediate the local production of protective IgA antibody. 

 

1.4.2 Mucosal APCs Play a Critical Role in Immune Homeostasis 

Immune homeostasis in the gut involves the mechanical / physical barriers limiting 

exposure to potentially harmful antigens or toxins, and the active suppression of 

immune responses to everyday dietary antigens and normal gut flora. In this respect, 

APCs are key players in the decision making process and in inducing and maintaining 

oral tolerance. 

 

APC populations resident in the gut include dendritic cells (DC), B-cells and 

macrophage ‘professional’ APC populations, as well as ‘non-professional’ epithelials, 

eosinophils and mast cells (106). DC can modulate the immune response through 

functional cytokine production (107), and co-stimulation (91). APC in the intestinal 
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mucosa are typically of the immature phenotype (iDC) characterized by low-expression 

of co-stimulatory molecules CD80/86 and down-regulated expression of MHC class-II 

molecules at the cell surface (107). Presentation of antigen in the absence of strong co-

stimulation induces naïve CD4+ precursors to undergo clonal deletion (via apoptosis) or 

more importantly, induces the maturation of T-cells into stable anergic populations (T-

cell anergy) that secrete high levels of regulatory cytokines (IL-10 and TGF- ), with 

strong suppressive effects on naïve T-cell proliferation.  

 

The mucosal milieu conditions DC through IL-10 and TGF-  to induce different 

populations of regulatory T-cells (108). Gastrointestinal DC produce high levels of both 

IL-10 and TGF-  favouring the peripheral conversion of adaptive regulatory 

populations of Th3 cells (discussed later) (109, 110), whereas airways DC populations 

produce IL-10 in the absence of TGF- , favouring the induction of Tr1 cells (109). This 

notable difference in DC activities between the airways and gastrointestinal mucosa 

might be explained by the different requirements of these systems, specifically the 

immune privilege required of the gut to maintain oral tolerance.  

 

As noted earlier, APC express pathogen recognition receptors and innate Toll-like 

receptors (TLR), however very little is known about the expression of these and other 

receptors in mucosal DC populations (111). A recent study using a mouse model of 

food allergy demonstrated an important role for TLR-4 signalling in susceptibility to 

food allergy (112). Three strains of mice bred on different MHC backgrounds lacking a 

functional receptor for LPS (TLR-4) were susceptible to food-induced anaphylaxis upon 

intragastric administration of a food allergen. Co-administration of CpG during 

sensitization (which signals through TLR-9) abrogated anaphylactic symptoms, 

demonstrating that these mice were unimpaired in their inherent ability to regulate IFN-

 production. Interestingly, when the composition of gut microflora was reduced in 

TLR-4 mutant and wild-type mice via antibiotic administration, wild-type mice become 

equally susceptible to food allergy as their TLR-4 mutant counterparts. These results 

taken together suggest a critical role for intestinal commensals in TLR-4 signalling to 

APC and the maintenance of gut homeostasis.  
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1.4.3 The Role of T-cells in Mucosal Immune Homeostasis 

Oral tolerance is an active process that can be conferred by adoptive transfer of CD8+ 

splenocytes from tolerant mice into naïve recipients (113, 114). Studies by Holt et al 

demonstrate that separate and distinct mechanisms occur in response to antigen feeding 

known as ‘high-zone’ and ‘low-zone’ tolerance (28, 115). These processes, mediated by 

T-cells, are dependent upon the timing, dose and route of exposure (116) and are 

responsible for modulating mucosal immunity. 

 

Collectively, high dose feeding of oral antigen represents one end of the dose-response 

spectrum involving effector T-cell mechanisms that regulate immunity. Single high 

dose feeding of oral antigen induces elimination of antigen-reactive T-cells via either 

clonal deletion or anergy induction. In OVA-fed transgenic mice, apoptosis has been 

demonstrated to cause clonal deletion of OVA-specific CD4+ T-cells (117) via the 

action of tumour necrosis factor (113). Alternatively, high-dose antigen feeding can 

induce T-cell anergy, a process by which antigen-specific T-cells are functionally 

arrested. This process occurs during antigen presentation in the absence of co-

stimulatory molecules (118) and is highly operative in the gut. Anergized T-cells persist 

in the periphery, but lose their capacity to clonally expand and their ability to synthesize 

the full repertoire of cytokines following antigen encounter, instead being restricted to 

the production of IL-10 (119). Together, mechanisms of high-zone tolerance are 

predominantly operative in experimental models of oral tolerance.  

 

At the other end of the dose-response spectrum, low dose antigen exposure induces 

regulatory populations of T-cells, which exert their suppressive effects on surrounding 

cell populations. This process is known as ‘low-zone tolerance’. Low-zone tolerance 

occurs on serial feeding of lower doses of antigen under more physiological conditions. 

The process involves the peripheral conversion of naïve T-cell precursors to regulatory 

populations of adaptive T-cells known as Tregs (reviewed in (120)). Most of the 

literature is focused on CD4+ Treg populations although both CD4+ and CD8+ 

mediated tolerance can be adoptively transferred in experimental mouse systems (117). 

It is noteworthy that tolerance proceeds normally in CD8 knockout mice (121), 

suggesting the function of these cells may be restricted to maintenance as opposed to 

induction of oral tolerance (119).  
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1.4.4 The Role of Specialized Regulatory T-cells 

The gut is the predominant site of peripheral conversion of naïve CD4+ T-cells into 

adaptive CD4+ Th3 cells (29), and Tr1 cells (97). These cytokines function in a 

regulatory manner favouring local control of secretory IgA production in the gut(110) 

and exert immunosuppressive effects targeted to APC (108). IL-10 is largely recognized 

for its immunosuppressive effects on Th1 activity and plays a critical role in the 

maintenance of mucosal homeostasis (122). Furthermore, Studies from mouse models 

of inflammatory bowel disease (IBD) indicate a role for naturally occurring thymic 

Tregs (CD4+C25+) in addition to adaptive Tregs in mediating gastrointestinal immunity 

(123, 124). 

 

Although natural Tregs characteristically exert their effects in a cell-contact dependent 

manner, murine models of IBD demonstrate a critical role for IL-10 (123) and TGF-  

(124) in CD4+CD25+ T-cell mediated suppression. The precise mechanisms are 

unclear, however neutralizing anti-IL-10 monoclonal antibodies (mAb) administered to 

mice abrogated suppression resulting in IBD, presumably through effects on natural 

Tregs (125). Other studies have characterized a role for TGF- 1 in supporting the 

maintenance of FoxP3 expression, and function of CD4+CD25+ Tregs (124), although 

these findings are not universal (126, 127). 

 

The role of Tregs in the development of oral tolerance in humans is not completely 

understood. In cases of cow’s milk allergy, the development of clinical tolerance has 

been associated with an increase in regulatory T-cells (128), although this does not 

appear to be the case in adults with persistent cow’s milk allergy (129). While there is a 

lack of specific data available for egg allergy, one study reported strong IL-10 and IFN-

 responses to OVA associated with the loss of OVA-specific lymphoproliferation in 

children with resolved egg allergy (32). Whether this involves the induction of adaptive 

Tregs is not confirmed. There is also preliminary evidence of neonatal and 

developmental differences in these regulatory pathways in children who develop 

allergic disease (as discussed further in Section 1.5.2).  

 

Animal studies have been crucial in developing current knowledge of these immune 

regulatory networks specific to mucosal immunity. In humans, direct measurement of 

local mucosal immune responses is not always feasible, nor ethical, particularly in child 

volunteers. Bronchial lavage, intestinal biopsies and other such procedures are limited 
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by their invasiveness, meaning the measurement of peripheral blood readouts and 

detection of humoral responses in mucosal secretions is more practical, feasible and 

ethical. 

 

1.5 The Interface between the Mucosal and Systemic Immune Networks 

The intestinal mucosal compartment interfaces with the systemic immune system via 

the mesenteric lymph nodes (130). Mucosal events can have a strong influence on 

systemic immune priming and tolerance. This is reflected in the patterns of immune 

response detected in cells extracted from peripheral blood samples, which provide a 

useful indication of resulting immune phenotype.  

 

1.5.1 Trafficking of Systemic Immune Cells through the Gastrointestinal Tract 

A large pool of immature T and B lymphocyte precursor cells circulate through the gut 

and subsequently home to tissues throughout the body (131), particularly to other 

mucosal surfaces where they develop their mature functional attributes. This cell 

trafficking through the gastrointestinal tract could explain how events in the gut mucosa 

can influence local immune development in remote tissues. T and B cells first encounter 

antigen in the Peyer’s Patches. Following exposure at these inductive sites, lymphocytes 

migrate through the lymphatic vessels and peripheral circulation (30), homing to distal 

effector sites in the mucosal lamina propria and spleen, where their effects are 

propagated (132). Small amounts of dietary antigen circulate in the blood within an 

hour after consumption (133), and low levels of dietary antigen-specific antibodies of 

the IgG, IgM and IgA isotypes are detectable in sera as well as secretions (134-136). 

These small immune complexes may be important for priming systemic immunity.  

 

1.5.2 Systemic Immune Markers as a Reflection of Tolerance and Mucosal 

Immune Processes 

For decades, mononuclear cells have been harvested from the peripheral blood of adults 

and children, and cultured for functional immune studies. A number of approaches have 

been used previously to study the recall responses of allergen-reactive clones in the 

periphery. Traditional approaches favoured the expansion of Th subsets in culture to 

increase the frequency of reactive precursors; however, more recent techniques focus on 

responses from short-term primary cultures, which are thought to be more 

physiological. Proliferation of food-specific blood lymphocytes is detectable in vitro 
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(137) in all individuals, although these responses differ in clinically reactive patients 

(32). Cytokine responses produced by memory T-cells are also detectable in blood 

lymphocytes, and are the measureable hallmark of the allergic responder. In food 

allergy these responses are mixed Th0 but sufficient to differentiate atopics via the 

elevated production of IL-5 and IL-13 (32).  

  

Tolerance can also be measured through the peripheral blood (103, 135). Recall 

responses to dietary antigens OVA and Bovine gamma globulin (BGG) are measurable 

but low, in normal individuals (103). T-cell anergy is detectable at the level of RNA as 

an increase in IL-2R  chain but not IL-2 mRNA. Reduced proliferation of T-cells after 

stimulation with antigen is characteristic of anergy, a result of an induced and reversible 

blockade of IL-2 transcription (138-140). 

 

The induction of regulatory populations can be measured by in vitro detection of 

regulatory cytokines IL-10 and TGF- , (141-143) and an increase in FoxP3 mRNA 

expression. Cell surface marker expression further identifies regulatory T-cell 

populations, and these subsets can be isolated from the peripheral compartment by 

fluorescence-activated cell sorting (FACS). Smith et al harvested natural Tregs 

(CD4+CD25+CD127lo) from peripheral blood samples from children with food allergy, 

and non-allergic children. The ability of these sub-populations to suppress effector T-

cell responses was measured in co-culture assays, and there was evidence of reduced 

Treg function from children with food allergy (20).   

 

Humoral immune responses to dietary antigens are also detectable in the sera. In human 

studies of oral tolerance, this characteristically involves increases in IgM and IgA, 

although these humoral responses may not correlate well with antigen-induced T-cell 

proliferation (103). Salivary IgA concentrations are considerably higher than serum IgA 

to the same antigen, which indicates local mucosal synthesis.  

 

*  *  * 

 

In summary, the peripheral blood provides a rich source of lymphocytes to study 

immunity in children with minimal invasiveness. It is acknowledged that human studies 

tend to be less ‘investigative’ than animal models where the absolute demonstration of a 

hypothesis is achievable. Animal studies have been critical in furthering our 
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understanding of immunity, however these studies are also limited by vast differences 

between humans and animals, meaning that mechanistic studies in animals are not 

always applicable to humans. The studies of this thesis involved isolating and 

comparing blood lymphocyte responses from children with food allergy and non-

allergic children by microarray. The immune response was examined at the level of 

gene expression, using a genome-wide screen. This technology and its potential 

application to cellular immune studies are discussed further in Section 1.8.  

 

1.6 Developmental Programming of Immune Responses in Early Life 

Extensive data from both human and animal studies indicate that mammalian 

development involves an early ‘programming’ period in utero that predetermines 

subsequent physiologic and metabolic adaptations during later life. At this stage the 

extent to which this in utero programming dictates susceptibilities in later life is not 

well known, however there have been striking associations between prenatal exposures 

and the development of subsequent cardiovascular and metabolic disease (144). The 

current paradigm known as the ‘Developmental Origins of Health and Disease’ (145) 

suggests that this period of early programming is important for determining the 

developmental landscape, and that exposures during this critical period can have 

longstanding effects on the host.  

 

There is now extensive evidence that immune pathways undergo early developmental 

programming, and that epigenetic processes  (see Section 1.6.3) may be the mechanism 

by which immunity is alternatively programmed in the neonate (146). This new frontier 

of molecular biology provides a novel framework to understand the mechanisms by 

which the environment can influence developmental and immune programming and 

determine the risk for subsequent disease. The new hope is that these pathways may 

also provide a foundation for targeted early interventions to modify the risk for allergic 

disease.  

 

1.6.1 Systemic Immune Development  

Early dysregulation of systemic immune development is strongly implicated in the 

pathogenesis of allergic diseases. Early differences in immune function precede the 

development of the allergic phenotype, and these have been documented in early 

infancy (147, 148) as well as at birth (86, 149). This includes a relative deficiency of 
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Th1 interferon gamma (IFN- ) production (147, 150) with early emergence of Type 2 

propensity (151), the hallmark of the subsequent allergic phenotype. More recent 

studies have also reported differences in innate immune cell function (152).  

 

During early childhood, the pattern of allergen-specific T-cell responses to foods and 

inhalants follow a similar pattern of age-related clinical manifestations of disease 

(Section 1.1.2). Cellular immunity to dietary antigens such as ovalbumin are frequent at 

birth and progressively decline with age, becoming rare in the adult population (153). 

Similarly, humoral responses to food antigens typically involve an increase in specific 

IgE, peaking between six and twelve months, returning to baseline by 24 months (154), 

which is thought to represent the onset of oral tolerance to dietary antigens (discussed 

later). At the other end of the spectrum, humoral and cellular immune responses to 

inhalants develop more often after the age of two, and consolidate in adult life (155).  

 

The development of immune responses to oral and inhalant antigens differs in children 

who develop allergic disease. Landmark studies by Prescott et al (156) were seminal in 

demonstrating that all individuals exhibit Th2-skewed immunity to allergens at birth, 

although atopics initially exhibit a reduced capacity to mount Th1 and Th2 responses 

(157). After birth non-atopics effectively down-regulate Th2 immune responses 

whereas atopics consolidate their neonatal pattern of Th2 immunity during early 

childhood. The continuation of Th2 allergen-specific responses in atopic children is 

believed to represent a fundamental deficiency in the developmental regulation of IFN  

production (158), at least for inhalant allergy. 

 

In food allergy the picture is somewhat different. T-cell responses to ovalbumin are 

common to both atopics and non-atopics, although these responses are transient in the 

non-atopic population with age, which reflects an ongoing process of T-cell selection 

(153). Children who develop clinical food allergy have stronger, persistent 

lymphoproliferative responses to OVA, characterized by production of Th1 and Th2 

(mixed Th0) cytokines (32). According to these observations, different immunological 

mechanisms are likely to govern the expression of food allergy versus inhalant allergy, 

although the relationship between food allergy and the propensity for inhalant allergy 

suggest common immune deficiencies are present in both.   
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There are also developmental differences in innate APC function, although this is not as 

well defined (159, 160). There is speculation that less efficient APC signalling in the 

neonatal period could have important consequences for the development of Th2 

immunological memory (161). The data in this area is conflicting. Recent preliminary 

studies suggest TLR 4-mediated signalling in neonates is elevated to similar levels seen 

in adults (162). There is also some preliminary evidence that neonatal immune 

responses to microbial stimuli are strongly influenced by maternal allergy (163), and 

this has mostly been attributed to reduced TLR2, TLR4 and CD14 expression in both 

allergic mothers and their infants (164). At this time further studies are needed to 

examine the role of APC signalling in atopic disease, although it is generally agreed that 

differences in APC function between atopics and non-atopics are critical in the 

development of the allergic phenotype (93).  

 

Finally, there are also preliminary reports of early differences in Treg function in atopic 

infants, with evidence that children who develop allergy to egg in the first year of life 

have reduced CD4+CD25+ natural Treg function in cord blood. Treg-mediated 

suppression of IFN-  responses to mitogens was significantly attenuated in cord blood 

from allergic infants, although circulating levels of CD4+CD25+CD127lo/- and FoxP3 

expression were found to be similar between groups (20). Given the scarcity of 

evidence regarding the role of Tregs in human mucosal tolerance, the available evidence 

from studies of airways hyper-responsiveness suggest the adaptive immune response 

plays a critical role in the induction and maintenance of oral tolerance (81, 98). Further 

work is needed at this time to clarify the role of Tregs in the development and 

maintenance of oral tolerance in humans.  

 

1.6.2 Mucosal Immune Development 

Neonates are born with relatively underdeveloped mucosal immune systems and the 

timely induction and maturation of these systems are critical for providing host 

protection against harmful inflammatory reactions to dietary antigens and normal host 

microflora (165, 166). The ontogeny of these networks is primarily driven by 

colonization with intestinal microflora (167) and subsequent, regular exposure to dietary 

antigens drives the development of oral tolerance (167). These immune pathways are 

highly susceptible to numerous external influences that can alter the balance between 

active mucosal immune responses and the ability to control and regulate such responses 



 26 

in early life (105). Such influences can have major implications for the propensity for 

the individual toward the development of food allergy and other allergic manifestations. 

While much of the current literature in early immune programming comes from murine 

models of airways disease (reviewed in (168)), and human studies of inhalant 

sensitization (55, 169-172), there is a need to further understand the initiating pathways 

of immune dysregulation which predate inhalant tolerance.    

 

The maturation and expansion of intestinal immune networks shortly after birth is 

driven by exposures to antigens (15) and the strongest developmental signal comes from 

colonizing gut bacteria, which shape the architecture of the gastrointestinal mucosal 

immune system (173). Animal models have shown the intestinal immune systems of 

mice raised in germ-free environments are grossly abnormal in the absence of 

commensal bacteria, displaying profound hypertrophy in the follicle-associated 

epithelium (26), and a significant shortage of T-cells in the Peyer’s Patches (174). The 

abnormal anatomy of the mucosal and associated lymphoid tissue (MALT) in these 

mice abrogates normal IgA responses in the gut (175) and renders the systemic immune 

system susceptible to Th2-mediated immune responses to antigens encountered through 

the oral route (15). Reconstitution of the commensal microflora facilitates the rapid 

migration and activation of tolerogenic lymphocytes to the lamina propria within hours 

to days of colonization (167, 176), and restores both the organization of the MALT, and 

the induction of tolerance to dietary antigen (15). 

 

Similarly in humans, colonization of the gut with commensal microflora is important 

for promoting the development of the mucosal immune system. During pregnancy and 

shortly after birth, the neonatal immune environment is dominated by Th2 responses 

(177). The immunological cues provided by commensals in early infancy promote the 

‘rescue’ of nascent Th1 immunity (178). These ‘pro-Th1’ signals are necessary to 

stimulate the production of appropriate levels of IFN-  and other Th1 immune 

mediators (TGF- , TNF-  and others) that are critical for preventing the development 

of Th2 immunological memory, and associated allergic disease (149, 150).  

 

Following colonization, maturation of local cellular networks is then driven by exposure 

to dietary antigens. In the rat model, analysis of NK cells localized in the mucosal 

epithelium during suckling reveal a developmental change from the typical systemic 

phenotype (CD8+) to a CD8- intestinal phenotype (179). Moreover, analysis of CD8+ 
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cell populations in the mucosal tissue revealed a progressive increase in the co-

expression of TCR , a marker of acquired immunity, and a concurrent reduction in 

innate CD8+ cells. After weaning, a decline in NK intraepithelial lymphocytes (IEL) 

was associated with an expansion of CD8+CD4+ regulatory T-cell populations, which 

are ‘housekeepers’ of oral tolerance.  

 

Similar results were reported in a recent study investigating the role of maternal transfer 

of antigens through breast-milk in oral tolerance (180). It was demonstrated in a mouse 

model that exposure of lactating mothers to inhalant allergens during suckling was 

protective for the infant against the subsequent development of allergic airways disease. 

The authors report that presentation of maternally derived allergen in the context of 

breast milk, which contains high levels of TGF-Β, induces regulatory populations of 

CD4+ T-lymphocytes, which favour the development of tolerance. 

 

Whether this situation extends to humans is less clear. The precise timing of food-

induced tolerance in humans is elusive, but anecdotal evidence from studies of current 

weaning practices suggests the ideal ‘window of opportunity’ is between 4 and 6 

months (52). While it is logical that tolerance induction is dependent upon numerous 

factors, it appears that in humans the mucosal immune system becomes ready to process 

dietary antigens around 3-4 months, if colonization and gut maturation have occurred 

normally. Delays in colonization (15) or dietary antigen exposure (105, 181) can lead to 

a failure to effectively develop oral tolerance networks and an increased propensity to 

develop allergic disease.  

 

These concepts are entwined with the hygiene hypothesis and support the fundamental 

observation that exposure to microbial products during early immune development is 

beneficial to developing tolerance (17, 182, 183). However many questions remain: the 

timing and progression of these exposures is unclear, and how such affects are modified 

by gene-environment interactions is unknown.  

 

1.6.3 Epigenetic Mechanisms Underlying Immune Development 

The emerging field of epigenetics provides a new frontier for understanding 

mechanisms underlying well-recognised gene-environment interactions. Epigenetic 

gene regulation is fundamental to all aspects of growth and development, determining 
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the flow of genomic information in a temporal and tissue specific manner. This 

epigenetic program is encoded by specific histone modifications (methylation and 

acetylation) and DNA methylation patterns, which determine the degree of DNA 

compaction and thus the accessibility of genes for transcription. In addition to histone 

modifications and DNA methylation, there are also other gene regulatory networks, 

including microRNAs (miRNAs), small interfering RNAs (siRNAs) long non-coding 

RNAs (ncRNA), all of which serve to control gene expression (184).  

 

As we have discussed in more detail elsewhere (21), epigenetic mechanisms have been 

shown to regulate both Th1 and Th2 differentiation (185-187). Epigenetic changes 

(demethylation) are also a prerequisite for FoxP3 expression and Treg differentiation 

(188) (189). During early development we and many others have shown that relative 

deficiency of Th1 IFN  capacity has been associated with both maternal allergic disease 

(190) and subsequent infant allergic disease (150, 157). So far, it has been difficult to 

show that this is due to genetic polymorphisms in this pathway. Rather, it has been 

shown that reduced IFNG expression in neonatal CD4+ T cells (compared with adults) 

is associated with hypermethylation of the IFNG promoter (191). We therefore propose 

that variations in methylation (and gene expression) are likely to be the result of 

environmental exposures in pregnancy. In the context of allergic disease, this may 

explain the consistently stronger effects of maternal (rather than paternal) allergy on 

both Th1 function (190) and allergic disease, and the rise in allergic disease with 

successive generations. These observations have lead to speculation that factors that 

increase gene methylation may increase the risk of disease by silencing pathways (Th1 

and T regulatory differentiation) that normally inhibit Th2 allergic differentiation (192, 

193).  

 

It has also been proposed that environmental changes increase allergic propensity by 

promoting transcription of inflammatory genes and/or Th2 pathways (192). Removal of 

acetyl groups by histone deacetylase (HDAC) generally leads to gene silencing, 

whereas acetylation by histone acetyl transferase (HAT) opens chromatin structure for 

enhanced gene transcription (194). Exposures that inhibit HDAC such as oxidative 

stress and histone deacetylase inhibitors enhance NF- B driven transcription of 

inflammatory genes (195), and upregulate Th2 cytokine (IL-13, IL-5) and GATA3–

mediated T cell responses (196).  
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Based on these and many other observations, it is now well established that immune 

function is directly regulated epigenetically. During early immune development, these 

epigenetic processes may be more vulnerable to the effects of environmental change. As 

developmental changes are most profound during embryonic and foetal life, this is also 

arguably when the epigenetic program is most vulnerable to environmental changes 

(Section 1.7). 

 

In summary, there is now substantial evidence that early immune development is altered 

in children affected by allergic diseases, including food allergy.  These differences are 

likely to reflect both genetic predisposition and the early environmental influences 

which are driving the allergy epidemic. Emerging evidence that environmental 

exposures can induce changes in gene expression through epigenetic effects provides a 

mechanistic link between environmental exposures, developmental programming and 

risk of disease (Section 1.7). 

 

1.7 Determinants of Gene Expression and Immune Function: Genetic and 

Environmental Interactions 

As with other allergic disorders, food allergy is a multi-factorial condition resulting 

from complex genetic and environmental interactions, which determine patterns of gene 

expression and the ultimate clinical phenotype. Epigenetic changes in gene expression 

brought about by environmental exposures provide new insights into the mechanisms of 

these long recognised, but still poorly understood, genetic and environmental 

interactions. 

 

Allergic diseases are driven by environmental exposures. The expression of the allergic 

phenotype (notably food allergy) in very early childhood provides clear evidence that 

early events have a critical role. Although the exact causes are not clear, there are a 

number of candidate factors (below), and it is likely that these influences are initiated in 

utero when there is greatest potential for epigenetic effects.  

 

1.7.1 Genetic Determinants of Food Allergy and the Allergic Phenotype 

There is evidence for a strong genetic component to allergies including food allergy, 

such as strong familial associations with common food allergies and high rate of 

concordance for peanut allergy among monozygotic (64.3%) compared with dizygotic 
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(6.8%) twins (197). At this stage there are no specific genes that have been clearly 

implicated in food allergy per se, although there are many genes associated with the 

allergic phenotype and other specific allergic diseases, as discussed in detail elsewhere 

(198).  

 

One potential avenue of investigation lies in the strong association between eczema and 

food allergy, raising questions about common genetic predisposition and/or overlapping 

causal pathways. Eczema is associated with defects in the skin barrier with increased 

permeability, and this has been recently associated with loss of function mutations in 

the Filaggrin (FLG) gene. FLG plays a key role in barrier integrity and individuals with 

mutations in the FLG gene have recognised increased susceptibility to eczema (199). 

There has been growing speculation that this increased skin permeability may directly 

contribute to sensitisation via the transcutaneous route, including to food allergens 

(200). This is an important avenue of future investigation, but is beyond the scope of 

this thesis. 

 

1.7.2 Environmental Determinants of Gene Expression and the Allergic 

Phenotype 

Environmental changes that have been epidemiologically linked with the allergy 

epidemic including microbial burden (55, 169) dietary changes (201, 202), and 

environmental pollutants (203-205), have also been shown to have effects on foetal 

gene expression and immune function (206-209). Moreover, emerging epigenetic 

effects of these exposures (23, 24, 146, 210, 211) provide a new mechanism for the 

observed effects on gene expression. These new findings suggest that these exposures 

can induce stable epigenetic changes in gene expression, which can be passed to 

offspring and subsequent generations. A substantial body of work now links epigenetic 

gene regulation, immunity and physiological development. Around the turn of this 

century, cellular immune studies described a role for histone and DNA methylation 

changes in the control of cellular immune development (187, 191) (Section 1.6.3). The 

rising rates of early childhood allergy lead to the novel hypothesis that environmental 

changes can promote allergic predisposition through epigenetic effects on gene 

expression, and that this begins in foetal life (192). Since then, epigenetics has become 

the cornerstone in the quest to understand the “developmental origins” of complex 

modern diseases such as asthma and allergy (192).  
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a) Maternal Diet in Pregnancy 

Modern dietary changes appear to be providing less tolerogenic conditions during early 

immune programming, but diet also represents an attractive prospect for allergy 

prevention. Modern diets differ in many aspects from more traditional diets, with more 

processed and synthetic foods and less fresh fish, fruits and vegetables. These changes 

in nutrients have been implicated in the rise in asthma and allergic disease including the 

decline in polyunsaturated fatty acids (PUFAs) (212), soluble fibre (213) antioxidants 

(193) and other vitamins (214), based on recognized immunological effects as well as 

epidemiological associations.  

 

In one of the first epigenetic models of allergic disease, the role of folic acid in the 

pathogenesis of asthmatic airways disease has recently come to the forefront. This 

model was based on the capacity of dietary folate to epigenetically modify gene 

expression through its role as a methyl donor for DNA (215). Supplementation of 

pregnant mice with a high folate diet resulted in variations in DNA methylation, 

decreased transcriptional activity, and an increase in airways hyper reactivity, airways 

eosinophilia and production of chemokine and inflammatory macrophage proteins in the 

lung tissue of progeny mice (24). One of the genes implicated was runt-related 

transcription factor 3 (Runx3), which several independent studies have indicated has a 

preventative role in airways disease, through the induction of FOXP3+ Tregs (216). 

This has been followed by reports in humans (217, 218) linking folic acid 

supplementation during pregnancy with increased risk of asthma and respiratory disease 

in the infants. However, until this is confirmed and the mechanisms more closely 

studied it is premature to make changes in the current practice aimed at using folate to 

prevent neural tube defects. This highlights the urgent call for more studies in this area. 

These studies should be considered in the context of other related dietary nutrients, such 

as vitamins B2, B6, B12, methionine and choline, which may be implicated through 

their effects on folate-mediated one-carbon metabolism (FOCM). 
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b) Microbial Exposure in utero 

While postnatal exposures are recognized as the largest source of direct microbial 

exposure to the developing infant, it is becoming clearer that the epigenetic influences 

of bacteria begin in utero. In humans, exposure to a high microbial burden in rural 

farming environments is protective against asthma and allergy (169). New studies show 

that non-pathogenic microbial strains (Acinetobacter lwoffii) isolated from these 

farming environments can induce epigenetic effects when administered to pregnant 

animals, and protect the offspring from experimental postnatal asthma (Prof S. Prescott, 

personal communication 2010). This effect is dependent on increased expression of 

IFN  mediated by an increase in H4 acetyltion of the IFN  promoter.  Notably, these 

effects were abolished by inhibition of histone acetylation by Garcinol treatment. 

Human studies also show that allergy-protection by in utero microbial exposure is 

associated with enhanced neonatal Treg function, FOXP3 expression and associated 

epigenetic effects (demethylation) of the FOXP3 gene (23). Based on these and other 

observations, it has been recently proposed that microbial exposures may epigenetically 

modify the patterns of immune gene expression during critical periods of early 

development, and contribute to allergic predisposition (146).  

 

c) Exposure to Tobacco Smoke and air Pollutants  

Oxidative stress produced by exposures such as cigarette smoke and air pollution, can 

have significant epigenetic effects by altering NF- B activation, or by histone 

modification and chromatin remodelling of pro-inflammatory genes. As a potent source 

of oxidative stress, cigarette smoke contributes to reduced histone de-acetylase (HDAC) 

activity which results in differential activation of NF- B and the expression of pro-

inflammatory cytokines IL-6 and IL-8 in peripheral lung tissue (195). NF- B is 

ubiquitous in cells and can induce histone modifications that activate or silence 

inflammatory genes and other signal-transduction pathways. In pregnancy, the induction 

of inflammatory genes can influence placental function and foetal programming (219). 

Oxidative stress from traffic exhaust particles can also have epigenetic effects in 

pregnancy. Studies in mice demonstrated that exposure to diesel exhaust particles 

augmented the production of IgE following allergen sensitization (A.fumigatus) through 

hypermethylation of IFNG and hypomethylation of the IL-4 locus (204). Of note was a 

recent study by Perera et al which reported high levels of maternal exposure to traffic 
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particles are correlated with methylation of the acyl-CoA synthetase long-chain family 

member 3 (ACSL3) and with the development of asthma symptoms in children (220).  

 

d) Ingested Persistent Organic Pollutants (POPs) with Epigenetic Effects 

Organic products of industry and agriculture (including polychlorinated biphenyl 

compounds [PCBs], organochlorine pesticides, dioxins and phthalates) contaminate 

modern homes, food, and clothing and water sources, accumulating in human tissue 

with age. While they have immunosuppressive effects at high doses in humans (221), 

low levels of contamination more selectively inhibit Th1 immune responses (222) and 

favour allergic Th2 immune responses through their “oestrogenic” hormonal activity. 

Some of these products have been readily measured in breast milk, cord blood and 

placental tissue, highlighting the potential to influence early development. Notably, 

many of these and other contaminants have more recently been associated with 

epigenetic effects (reviewed by (223)), including effects on global DNA methylation 

patterns at the low dose exposure found in the ambient environment (224).  

 

e) Other Factors which May Modify Early Gene Expression and Disease   

Risk 

In the context of asthma and allergic disease, the maternal phenotype is particularly 

important as a well-recognised risk factor for infant disease. Maternal asthma and 

allergic status have much stronger effects than paternal allergy on both allergic disease 

and Th1 IFN  production by the neonate (190). We have also shown that maternal 

allergy modifies immune interactions between mother and foetus, and reduces Th1 

activation to the HLA mismatch of foetal alloantigens (225). This may affect the 

cytokine milieu at the materno-foetal interface, and could be implicated in the 

attenuated Th1 responses commonly observed in infants of atopic mothers (151). 

 

Many other events in the intrauterine environment can have direct effects on placental 

gene expression and potentially phenotypically modify the offspring. Preeclampsia, 

corticosteroid use and stress have been all associated with epigenetic changes in gene 

expression, placental immune function, growth retardation and congenital defects (226). 

Maternal stress has an important role in placental gene expression since adrenal 

glucocorticoid production through the hypothalamic-pituitary-adrenal (HPA) axis 

modulates inflammatory gene expression, with recognised effects on glutathionine 

metabolism and DNA methylation (226, 227). Inflammatory disease during pregnancy 
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can also alter placental immune function through cortisol production, in a sex-specific 

manner (228).  Our recent studies also indicate that early induction of innate 

inflammatory genes in the neonate (including IL-1  and TNF ) is strongly related to 

the subsequent development of allergic disease (93). These inflammatory mediators, 

which are important for immune programming, induce histone modifications and may 

be responsible for alternatively programming neonatal immunity.  

 

* * * 

 

In summary, these studies provide clear evidence that risk for allergic disease may arise 

from altered gene expression during prenatal life, and this project is concerned with 

measuring the pathways that are affected. Notably, identifying genes differentially 

regulated in allergic disease will firstly assist in the discovery of causal pathways, 

and secondly help determine environmental factors underpinning altered gene 

expression, epigenetic disruption, and ultimately disease risk. To this end, gene 

expression arrays are particularly useful to characterize cellular transcriptional 

processes. The following Section (1.8) reviews the use of microarray technology in the 

study of complex disease. 

 

1.8 Microarray Profiling in Allergic Disease: What Can Be Learned? 

Recent developments in genomic technologies have enabled the rapid expansion of 

microarray platforms for studying numerous disease states. These platforms provide the 

researcher with the ability to interrogate entire genomes in localized high-resolution 

array formats. Such large-scale genomic screening was unheard of until approximately 

fifteen years ago, with the advent of first-generation microarray platforms for highly 

parallel genomic analysis (229, 230). At this time, the technology was limited in scope 

and capacity, and only recently (post-sequencing of mammalian genomes) have 

microarrays accelerated in capabilities and complexity. The following sections provide 

a brief synopsis of microarray technology. In particular, there will be a focus on the 

challenges associated with large-scale data sets, and the considerations and control 

measures necessary to allow reproducible and transparent data. The microarray studies 

conducted in the allergy literature will also be reviewed, as well as the potential 

applications of microarray profiling strategies in childhood food allergy.  
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1.8.1 The Mechanics of Microarrays and the Aims of Microarray Studies 

High-resolution microarrays contain relatively short (<100bp) oligonucleotide probes 

synthesised directly onto an array surface by one of two generally employed methods 

(231). The first involves photolithography using light-sensitive chemistry (230) to 

synthesize oligonucleotide probes directly onto arrays, with the potential to construct 

chips containing more than 6,000,000 probe features (231). The second array platform 

is constructed by mechanically spotting oligonucleotide probes onto glass slides or 

beads, usually with a lower feature density of between 10,000- 40,000 probes per array 

(231). Both these technologies are routinely employed to construct comprehensive 

probe sets to screen many features of the genome. 

 

The benefit of short probe lengths combined with the flexibility of using overlapping 

probes, places oligonucleotide arrays ideally for the unbiased detection of the entire 

spectrum of genomic features. At the high-resolution end of the spectrum, this includes 

single nucleotide polymorphism mapping (SNP), detection of multiple splice variants 

and micro-RNA species (miRNA), while whole-genome interrogations require fewer 

features, and are nonetheless powerful. These applications have been utilized to study 

numerous disease states, however most clinical microarray projects use the whole-

genome approach and this review will therefore restrict its analysis to these. 

 

Clinical microarray studies typically have one of two goals: 1) to generate a list of 

signature genes that identify a patient as belonging to one group or another, or: 2) to 

identify genes which may be of particular biological significance to a particular disease 

or process (232). The former uses large and heterogeneous populations to generate data 

that is meaningful at the population level, and is less susceptible to variation at the 

individual level (233, 234), or may focus on cell lines, deriving particular gene 

signatures for cell populations from homogenous cultures of cells or cell subsets (235, 

236). This approach, known as the ‘gene classifier’ approach, often presents signature 

data as heat maps, and identifies groups using cluster analysis. This particular 

application has been extremely popular in the area of cancer research. The best-known 

study in this area is the leukaemia study by Golub et al (237), who used a class 

discovery approach to predict the distinction between acute myeloid leukaemia and 

acute lymphoblastic leukaemia without prior knowledge of the these classes. Such 

methods yield type-specific gene sets that may be useful in classifying patients, but 

require cross-validation studies to gauge the effectiveness of gene signatures in 
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classifying individuals. The performance of these signatures is known to vary 

depending upon the disease state process, and it is noteworthy that in complex diseases 

such as breast-cancer, multiple classifiers have performed poorly in cross-validation 

studies (238, 239). 

 

The alternative approach typically selects small populations of individuals displaying a 

level of homogeneity in disease phenotype. In this approach gene profiles characteristic 

of normal and disease states are compared for differentially expressed genes. 

Differential gene expression provides a measure of the relevance of particular genes and 

gene pathways to the biology of the disease state. Robust statistical methods are 

performed to evaluate the level of variability within the experiment, and gene lists are 

often subject to rigorous tests in order to evaluate the survival of particular genes within 

the list. Once a gene list is determined with sufficient confidence, these genes are often 

evaluated in pathways analysis software, which integrate annotated genes into known 

biological pathways and present data in terms of the specific biological pathways that 

appear to be most altered in a particular study group (232).  

 

1.8.2 Key Aspects of Microarray Study Design 

The greatest challenge posed by large-scale microarray data sets involves resolving 

signal to noise ratios to elucidate meaningful data. Careful consideration must be given 

to the sources of variability within microarray experiments in order to maximize signal 

to noise ratios. Considering variability is important in order to detect genuine changes in 

expression from background noise. Indeed most of the bioinformatics debate regarding 

interpretation of microarray data hinges on signal/noise ratios (240).  

 

Biological variability is exceedingly the largest source of variability within microarray 

experiments and this has been established as mantra by microarray working groups 

(241). Technical variability pertains only to variability between measurements and 

therefore makes no accommodations for differences between individuals. Variability in 

gene expression is highest in out-bred populations as evidenced by a recent study that 

demonstrated that fewer (inbred) individuals are needed to achieve the same statistical 

power (in out-bred populations) when all other factors are equal (array platform, data 

manipulation) (242). Typical sources of biological variability include between subject 

variability, within subject variability, tissue heterogeneity and differences in stage of 

disease. Sources of technical variability include sample handling, sample collection, and 
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subtle differences between chips and variability in laser-capture scanning between 

experiments.  

 

Identifying sources of variability within an experiment is needed to determine the 

appropriate number of subjects to statistically power the study. To address variability, 

replicates are needed, and importantly, biological replicates (i.e. sampling numerous 

different individuals) are infinitely more intuitive than technical replicates (i.e. 

repeating measurements on the same samples) to gauge the magnitude of variability 

within a study (240, 243). Cross-sectional studies benefit from limiting between-

individual differences wherever possible, whereas in the longitudinal design, each 

individual serves as their own internal control (240).  

 

The question of how many replicates are needed to power a microarray study has yet to 

be resolved. Traditional methods are ill suited to microarrays in which statistical 

methods are required to account for multiple testing. In addition, due to cost and 

resource limitations, microarray studies typically involve few subjects with extremely 

large numbers of variables. Moreover, the normal behaviour of genes is often unknown, 

such that it becomes difficult to estimate variability. Several methods have been 

proposed to address the optimal number of replicates (242, 244-246) although no 

consensus has yet been reached. For common designs in which two populations are 

evaluated for differences in gene expression, a minimum of 5 biological replicates per 

group is the current recommendation (247).  The appropriate number of replicates per 

group depends largely on the effect size and variance within the population, and these 

are considered when statistically powering a microarray study. Pooled and non-pooled 

designs are common and equivalence can be achieved between these designs when n1, 

n2,…nx  individuals on k1, k2…kx arrays are considered during the design phase of 

microarray experiments. 

 

1.8.3 Power Analysis and Pooling Strategies  

Various methods have been proposed to address the question of how many replicates 

are needed to statistically power an experiment (244-251), but arguably the most 

informative method involves the generation of pilot data to quantify the levels of 

variability within an experiment (251). Power analysis in microarray sets is based on 

two measures of statistical reliability i.e. the confidence level (1- ) and the power (1- ) 
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(248). The confidence level and the power are calculated from the distributions of the 

null hypothesis (H0) and the alternative hypothesis (H1), where the confidence level 

provides a probability of accepting the null hypothesis when the means of the two 

distributions are the same, the power is the probability of accepting the alternative 

hypothesis when the two means are in fact different.  

 

In situations of multiple hypothesis testing, as is the case with microarray data, 

researchers are more often interested in false discovery rates (FDR). A type I false 

discovery error in microarray data refers to the probability of accepting H1 when the 

means are in fact the same (i.e. false positive), whereas a type II error is the probability 

of accepting H0 when the means are in fact different (false negatives). Defining the 

distributions of the means depends on the statistical measure being used in the 

hypothesis test, and numerous approaches have been utilized by biostatisticians (244, 

245, 248, 249) (242, 250). 

 

The greatest power in microarray data sets is achieved when large populations are 

analysed and each individual functions as an independent biological replicate (252). In 

practical terms, this often leads to high cost, high-throughput analysis with high 

resource requirements. Recently, pooling mRNA from individuals into discreet 

independent groups has become an acceptable design strategy to combat this. The idea 

behind pooling strategies is to reduce variability among arrays as well as subject-subject 

variability, making substantive features easier to find within a population.  

 

Despite its advantages, pooling strategies were often met with opposition due to the 

inability to identify and appropriately transform outlying individuals, and the reduced 

capacity to assess between-subject variability and covariance (241, 252). Modern 

designs have adopted the multiple-independent approach whereby each subject 

contributes to one and only one pool, meaning that each pool contains biological 

replicates. This approach has been evaluated systematically in several independent 

studies (244, 246, 252), which have reached the same conclusion: that pooling strategies 

when performed correctly can lend equivalent power without substantial reduction in 

inference for most genes. The following features of pooled designs have been identified: 
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i) Pooling should not be used if information is required at the individual level. 

ii) Pools can be used to properly assess biological variation in gene expression 

when multiple pools are independent, and each individual is unique to its pool. 

iii) Increasing the number of subjects onto a fixed number of arrays improves both 

variability and accuracy, with similar power to non-pooled designs. 

iv)  Reducing the number of arrays in an experiment requires a concomitant 

increase in the number of individuals contributing to pools to maintain statistical 

power and accuracy. 

 

In following these guidelines equivalence can be achieved between pooled and non-

pooled designs, such that n=15 cases run on n=5 arrays where 15 subjects are divided 

into pools of three will have more power than n=5 individuals run on n=5 arrays, 

although the power will be less than n=15 individuals run on n=15 arrays (241). 

 

1.9 Data Handling and Minimum Standards in Microarray Data 

The field of data handling in microarray experiments remains avante garde with a 

rapidly expanding community of biostaticians developing new and intrinsic methods of 

discriminating signal/noise ratios. Considering the rapid pace of development within 

this field in the context of the increasingly numerous array platforms available, it 

quickly became apparent that clear and transparent reporting of data handling 

techniques were necessary to validate microarray studies. To address these concerns the 

Microarray Gene Expression Data (MGED) society was convened to develop clear 

quality control and standard operating procedures or ‘best practices’ for the use and 

reporting of microarray data.  

 

The MGED consortium of international microarray experts have developed a set of 

guidelines known as Minimum Information About a Microarray Experiment (MIAME) 

which is publicly available (http://www.mged.org/Workgroups/MIAME/miame.html) and has been adopted 

by a number of scientific journals as well as approved by the US Food and Drug 

Administration. These guidelines include descriptions of microarray design  (number of 

replicates, nature of biological variables), samples used, extraction methods, labelling 

and hybridization procedures, and measurement data specifications. The development of 

these guidelines, as well as public repositories for freely available microarray data, has 

led to transparency and consistency within the microarray scientific community.  

http://www.mged.org/Workgroups/MIAME/miame.html
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1.9.1 Statistical Inference of Microarray Data 

Interpretation of high-dimensional data sets involves the application of bioinformatics 

and statistical methods to identify interesting subsets of genes within the assembled 

data. A common problem in resolving signal/noise ratios revolves around the 

asymmetrical performance of particular probe sets within an array. In any particular 

array, there are probe sets that produce very strong hybridization patterns and those that 

perform poorly. Those that perform well reflect highly expressed sequences with a high 

degree of specificity for their cognate transcripts, whilst the latter often reflect low 

abundance targets from gene families with highly homologous sequences that often 

carry a significant noise component (240). Numerous statistical methods are available to 

interpret microarray data, including clustering analysis, bootstrapping approaches, 

Bayesian modelling, mixture-modelling approaches, permutations testing and many 

others. It is beyond the scope of this review to explore these in detail; however, the 

following section will review recent consensus views toward commonly used inference 

modelling procedures in microarray data. 

 

Fold-change was the first method used to evaluate whether genes were differentially 

expressed, however, the use of fold-change alone as a differential expression test is no 

longer considered best-practice (241). This is because fold-change offers no associated 

measure of confidence, despite working well for ranking results; on its own it is 

counter-intuitive. The underlying assumption of equal variance and the fact that fold 

change produces no estimation of false discovery rates make it unsuitable as a definitive 

statistical inference.     

 

Various methods are used to estimate False Discovery Rates and there is no consensus 

as to which is best. Estimates based on the Family Wise Error Rate such as the 

Bonferroni correction, are considered limited (241). Mixture-Model (247) approaches 

have been developed that are considered more powerful as they estimate ‘gene-specific’ 

false discovery rates interpreted as the Bayesian probability that a particular gene 

identified as differentially expressed is a false positive.  

 

The use of supervised and unsupervised classification approaches is common in 

microarray analysis. Placing genes into predetermined categories (supervised clustering) 

or developing a set of hierarchical clusters (unsupervised clustering) requires 
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independent cross-validation, particularly with small sample sizes (<50) such as in 

microarray experiments (241).  

 

Data validation has become a necessity with microarray experiments. Given the 

statistical nature of microarray data, it has become essential to validate findings using 

independent technology such as quantitative PCR in unrelated samples. One point of 

consensus is that validation is necessary to protect against measurement error (241). 

Furthermore, this validation should be performed in an independent set of samples 

using alternative technology such as quantitative PCR. There remain questions as to 

under which conditions a researcher can assume a finding to be validated. Must a 

specific p-value or effect-size be obtained? Should all genes approaching significance 

be tested? These questions are only beginning to be addressed, but despite this, the 

requirement to demonstrate validation represents another step forward in aligning 

microarray data to be reproducible and transparent.  

 

1.10 Relevant Microarray Studies in the Field of Allergic Disease Research 

Numerous microarray profiling approaches have been published in the field of allergic 

disease research, which can be broadly assigned to two categories: clinical profiling 

studies and studies into cellular immune function. To the best of our knowledge, no 

clinical studies exist in patients with food allergy. Numerous studies have been 

conducted in asthmatics (253-257) in both mice and humans (reviewed in (258) and 

(198)) as well as in humans with atopic dermatitis (259) and seasonal rhinitis (260). 

There is a plethora of studies into various aspects of cellular immune function including 

T-cell activation, T-cell differentiation, mast cell activation, monocyte activation, 

eosinophil survival and others. This section will highlight some relevant papers 

investigating both clinical and cellular aspects of allergic disease research.  

 

1.10.1 Microarray Studies of T-cell Activation 

Studies of T-cell activation suggest an inducible gene program controls numerous 

aspects of cell-cycle progression occurring after TCR signalling. Teague et al (261) 

reported that resting CD4+ T-cells express a similar repertoire of genes to activated T-

cells, demonstrating that cell cycle inhibitor genes actively maintain the quiescent state. 

Stimulation of the TCR under optimal conditions induces an ordered differentiation 

process controlled by temporally distinct sets of genes (262, 263). These findings are 
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consistent with the prior observations that TCR mediated naïve T-cell commitment to 

proliferation takes about 20 hours (264). Following activation, the inducible gene 

program consists of a set of early genes involved in down-regulating cell-cycle 

inhibitors and up-regulating genes that promote cell cycle entry (262, 265). In the later 

stages of activation, inducible genes maintain expression during T-cell commitment, 

and upon re-stimulation, maintaining cell-cycle progression, and the post-mitotic state.  

 

1.10.2 Genomic Mechanisms of T-helper Differentiation 

Further to this, Lund (266) and others (265, 267) have extensively studied the kinetics 

of CD4+ helper T-cell differentiation. The data in this area is conflicting. One report 

suggests that Th1/Th2 cells are similar during the first 48 hours of differentiation 

becoming unique by day 3 (265). Another study reported an early response program of 

sixty-three IL-4 responsive genes activated within 2-6 hours of T-cell stimulation (268). 

Bosco et al (269) investigated the memory-response genes from Th2 cells induced by 

allergen-driven T-cell activation in atopics. Temporal profiles revealed early versus late 

Th2 gene clusters associated with IL-4/IL-4R activation and effector cytokine 

expression respectively. Importantly, a comparison of gene response profiles from 

atopics in allergen-stimulated versus polyclonal activated T-cell cultures revealed 

distinct signalling profiles, indicating the importance of the magnitude of T-cell 

activation and subsequent gene expression. This approach was successful in revealing 

previously unreported genes implicated in T-cell regulation (DACT1, MAL, DPPS, 

NDFIP2 and others) (269). 

 

1.10.3 Macrophage Responses and Innate Immunity 

Interesting insights into innate immune responses to pathogens were reported by Nau et 

al (270). Analysis of macrophage gene expression by microarray in response to a panel 

of gram positive, gram negative and mycobacterium identified 977 genes involved in 

the macrophage inflammatory response. Despite the diversity of bacterial responses 

studied, 191 genes were identified as shared, indicating a conserved aspect of the TLR 

pathways. Several clues to the pathogenesis of M.tuberculosis were also revealed, 

suggesting that pathogen-specific responses in addition to the TLR-mediated response 

are also active. 
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Several studies have characterized gene expression differences between phenotypic 

subsets of CD14+ and CD16+ macrophages, and these have been reviewed extensively 

by Fernando Martinez (271). Furthermore, the genetic program that controls the 

differentiation of monocytes into macrophages has been captured by microarray (272). 

The LPS signalling response was characterized by Bjorkbacka (273) and the 

requirements for Myd88 were specifically assessed. The authors report 1,055 genes 

expressed by LPS stimulation of which 21.5% were dependent on Myd88, indicating 

that Myd88 signalling, although essential for the well-known aspects of the macrophage 

LPS response, is not required in the majority of genes expressed by macrophages in 

response to endotoxin.  

 

1.10.4 Profiling Studies and Differential Expression in Allergic Disease 

In terms of studies directed at uncovering new genes and pathways associated with 

allergic disease, most of the literature has focused on atopic dermatitis and asthma. Skin 

biopsies from 17 patients with atopic dermatitis and 4 non-allergic patients were 

analysed by microarray (274). Differentially expressed genes were found to be involved 

in altered keratinisation pathways, suggesting abnormal epidermal differentiation 

pathways are key features of atopic dermatitis. Also using the skin biopsy approach, 

Saaf et al noted that the over-expression of inflammatory genes in skin lesions of 

patients with atopic eczema was accompanied by reciprocal inhibition of lipid 

metabolism genes, and uncovered new insights as well as potential candidate 

susceptibility genes involved in the pathogenesis of atopic eczema (275).  

 

Similarly, airway epithelial cells in asthmatic patients have been profiled by microarray 

before and after allergen challenge (276). The response profile of epithelial cells in 

response to challenge was enriched for genes involved in tissue repair and proliferation 

in addition to well-defined inflammatory genes. Several of these candidates had not 

been previously been described in allergic responses, paving the way for future 

mechanistic studies. Steroid-responsive genes were characterized in bronchial biopsies 

of both asthmatic and non-asthmatic patients (277). In this somewhat novel approach, 

128 genes were differentially regulated by corticosteroid therapy, in addition to 79 

genes that were phenotypically different at baseline. Class prediction has been 

attempted in asthmatic patients, to differentiate atopics and non-atopics based upon their 

gene expression profiles. Although this approach was proof-of-principle only, Brutsche 
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et al developed a Composite Atopy Gene Expression score (CAGE) that performed 

better than total IgE in predicting phenotype in their experimental system (278). 

 

Studies of peripheral blood samples have yielded insights into the pathogenesis of 

asthma, whilst not limited by the difficulties of collecting tissue specimens. Subrata et 

al (279) studied gene expression profiles of PBMCs in asthmatics during exacerbation 

and convalescence, and identified an atopy-dependent cascade that amplifies airways 

inflammation and may be associated with the increased susceptibility of atopic 

asthmatics to viral induced exacerbations. Bosco et al studied the transcriptional 

program in CD4+ T-cells isolated from atopic asthmatic patients, and examined the 

memory response to HDM (269). Employing a network modelling approach, the 

authors identified a network of atopy-associated molecules comprising Th2 and 

regulatory T-cell signatures. These studies catalogue a breadth of discovery into the 

pathogenesis of allergic disorders, uncovered by microarray-based approaches. Such 

approaches have proved ideal to commission future mechanistic studies into the 

pathways uncovered by the microarrays.  

*  *  * 

 

This review discusses the initiating events in the development of allergic disease, and 

the benefits of microarray approaches to provide new insights into the mechanisms of 

disease pathogenesis. At this time, the genes associated with food allergy have yet to be 

identified and most of the work to date has focused on other atopic conditions in older 

patients (asthma, dermatitis, hay-fever). Identifying genes associated with food allergy 

will uncover new avenues for research, and potentially uncover new therapeutic targets.  

 

The aim of the current study was to uncover genes and pathways associated with the 

development of food allergy. We focused on the early perinatal period from birth to 

twelve months to identify the primary pathways involved in the pathogenesis of IgE 

food allergy. Our approach was a comparative microarray analysis of circulating 

mononuclear cell populations in longitudinal samples from allergic and non-allergic 

donors. The proceeding chapters document the applicability of this approach and reveal 

novel insights into the development of allergic disease.  
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Chapter 2.0 Materials and Methods 

2.1 Scientific Reasoning for this Study 

A growing number of studies indicate the current burden of food allergy is increasing, 

and further basic research into the underlying pathways associated with food allergy 

needs to be an immediate research priority. The complex polygenic nature of allergic 

disease have so far made the causal pathways difficult to identify, and the search for 

further candidate genes associated with the development of food allergy continues. To 

date the spectrum of genes participating in the inflammatory cascade have yet to be 

identified and we reasoned here that a comparative genome-wide approach might 

facilitate the identification of new candidates. Identifying such genes will lay the 

groundwork for future detailed functional studies into the mechanisms of immune 

dysregulation. These targets may provide novel insights into the disease mechanism and 

may open up new avenues for intervention and preventative strategies.     

 

This thesis investigates the development of innate and adaptive immune function in 

children who developed IgE-mediated food allergy, and non-allergic children. The 

studies conducted in the following chapters span the period of birth, through to the age 

of 12-months to gain new insights into developmental aspects of clinical hyper-

responsiveness. 

 

2.2 Study Cohort 

A cohort of sixty children (n=30 food allergy, n=30 non-allergic) was selected for this 

study. The cohort was derived from volunteer blood samples collected at the Princess 

Margaret Hospital for Children’s clinical research facility. Samples were taken from 

volunteers recruited for various allergy prevention programs undertaken at the facility 

with full ethical consent, and were the generous donation of Professor Susan Prescott.  
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The first challenge in this study was to limit the biological variability between 

individuals pertaining to the clinical phenotype. The allergic cohort was selected 

according to the following criteria: 

1. Confirmed IgE-mediated sensitivity to egg, cow’s milk or peanut by virtue of a 

positive (3mm x 3mm wheal size) skin prick test at age 12-months. 

2. A history of clear, immediate symptoms (within 1-2 hours) on exposure to food 

at 12-months, including anaphylaxis (in the most severe cases), or one of either 

urticaria or angiodema.  

3. A family history of allergy. 

4. Volunteer was not taking any immune-modifying medication. 

5. Infants were born to non-smoking mothers.  

 

By contrast, the non-allergic cohort was not sensitized at 1-yr, or at the 2.5-yrs 

assessment to any allergens (by skin prick test), nor had a history of any allergic-type 

symptoms over the first 2.5-yrs of life. The characteristics of the study population are 

discussed in Chapter 3.0.  

2.2.1 Skin Prick Testing 

Infant skin prick testing was performed as a measure of sensitization using a 

standardized technique (280) to common allergens (Richard Thompson and Co. Pty Ltd, 

NSW, Australia). Briefly, a drop of allergen was placed on the inner forearm and the 

skin was scratched superficially with a sterile needle. A wheal diameter of 3 x 3 mm 

was considered positive. The wheal diameter was recorded after 10-15min of 

performing the skin test by marking around the circumference with a pen and taking an 

imprint with transparent adhesive tape. Wheal diameter was determined by the mean 

width and height of the wheal. Negative (glycerin 50% v/v) and positive (histamine 

phosphate 10mg/ml) (Princess Margaret Hospital) controls were used to validate the 

testing. 



 47 

Infant Allergens 

Standardized Cat Pelt (10, 000 BAU/ml) 

Rye grass, perennial Lolium perenne (1:20 w/v) 

Whole cow’s milk (1:20 w/v) 

Whole egg (fresh) 

House Dust Mite Dermatophagoides pteronyssinus (30, 000 BAU/ml) 

Southern Grass Mix (1:20 w/v) 

Mould Mix #10 (1:10 w/v) 

Peanut mix (Runner, Virginia, Spanish) (1:10 w/v) 

 

2.2.2 Clinical Assessment for Allergic Disease 

Infants were assessed clinically at 12 months of age and again at 2.5 years of age by a 

paediatric allergist and immunologist (Professor Susan Prescott). The main clinical 

outcome measures in infants were food allergy, atopic dermatitis and asthma. The 

confirmation of food allergy was based upon both physician diagnosis and parental 

recordings of immediate symptoms within 1-2 hours of exposure to foods, confirmed by a 

positive skin test to that food (section 2.2.1). The diagnosis of atopic dermatitis was made 

in infants with typical skin lesions, or doctor diagnosed eczema responsive to topical 

steroids. The severity of atopic dermatitis was scored according to the modified SCORAD 

index (281). The diagnosis of asthma was based upon parent reporting of recurrent cough 

or wheezing and responsiveness to bronchodilator treatment.  

2.3 Array Experimental Design 

The design of all microarray experiments addressed several key considerations including: 

1. Sources of variability 

2. Biological replication 

3. Validation strategy 
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2.3.1 Accounting for Variability 

Biological variability between individuals is the largest source of variability in microarray 

studies (240). To minimize variability at the individual level, allergic children were selected 

on the basis of skin test reactivity to foods accompanied by clear, immediate adverse 

clinical reactivity on exposure. Every effort was made to include children in this cohort 

whose allergies persisted at the 2.5-year clinical follow up. Similarly, non-allergic children 

remained devoid of any allergic symptoms or sensitization at 1 and 2.5-years.  

 

It was not possible to select children with allergies to identical allergens or epitopes (eg, 

egg allergic only) due to constraints with blood sample availability. Therefore, children in 

the allergic group were clinically reactive to either hen’s egg, cow’s milk or peanut. Despite 

this, the present study was concerned with the pattern of host immune responses underlying 

the development of allergic disease, which were predicted to contain common pathways in 

these children. 

 

It was also reasoned that an unknown amount of biological ‘noise’ might be inherent in cell 

culture experiments performed on whole PBMCs. Therefore magnetic cell selection was 

employed where possible to produce purified single-cell populations (section 2.4.4) in order 

to increase the resolution of subtle changes in gene expression in target cell populations.  

 

2.3.2 Sample Pooling Strategy 

Pooling of RNA samples affords a cost-effective way of increasing statistical power in 

microarray experiments (240). Several studies have now demonstrated that pooling of 

multiple individuals is an acceptable method for statistical inference of gene expression if 

conducted correctly (244, 246, 252). A minimum of five individuals per pool is 

recommended (240) with each individual contributing independently, meaning that each 

individual should be represented only once among all pooled RNA samples. For the current 

study a total of 60 individuals were grouped into multiple independent pools of six 

individuals per pool. Each pool was represented twice for each treatment/control condition 

in a common factorial design. Further detail of the pooling design is discussed in results 

Chapters 4.0 and 5.0. 
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2.3.3 Validation of Microarray Gene Expression Data 

Significant genes identified by microarray analysis as differentially expressed between 

allergic and non-allergic groups were validated by qRT-PCR. This was performed on 

individual RNA samples from each donor, and not on pooled RNA samples, to provide a 

measure of individual levels of gene expression. Genes were considered ‘validated’ if 

agreement was achieved by both technologies in terms of differential expression between 

treatment groups (240). See results chapters and 2.5.3 for statistical determination of 

differential expression.  

 

2.4 Cell Culture Methodology 

2.4.1 Harvesting and Cryopreservation of Mononuclear Cells 

Mononuclear cells were isolated from infant peripheral blood, and cord blood. Cord blood 

was cryopreserved within 12-hrs, while infant blood was cryopreserved within 2-hrs of 

collection. Cryopreserved cells were used for in vitro experiments, as fresh blood cultures 

were not logistically possible. It has been shown previously (both in this laboratory and 

others) that cryopreservation and thawing does not distort mononuclear cellular immune 

responses (282, 283).  

 

Cord blood samples were collected into 20mls RPMI media (Invitrogen, CA.) with 500μl 

of preservative-free heparin, while infant peripheral blood samples were collected into 

heparin alone. Infant and cord bloods were separated into plasma, mononuclear cell and 

erythrocyte fractions by gradient centrifugation. Blood/RPMI was layered over 

Lymphoprep (Nycomed Pharmacia, Norway) and centrifuged at 500g for 30 minutes. 

Mononuclear cells were isolated from the layer above the concentration gradient and 

washed once with RPMI and then twice with RPMI + 2% heat-inactivated foetal calf serum 

(FCS) (Australian Biosearch, Australia). Cord blood samples were layered twice over 

Lymphoprep to obtain pure mononuclear cells. Cells were stained with white cell counting 

fluid (WCCF) and enumerated using an Improved Neubauer haemocytometer (Weber 

Scientific, West Sussex, England) and diluted to 30-40 x 10
6
 cells/ml in RPMI+2%FCS and 

placed on ice. An equal amount of cool 15% dimethyl sulphoxide (DMSO) (BDH, 

Australia) in heat-inactivated FCS was added drop wise. FCS (Australian Biosearch, 

Australia) heat inactivation (56 C 60 minutes) was performed prior to use. 
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Samples were frozen in 1ml aliquots each containing 15-20 x 10
6
 cells. The samples were 

cooled to –80 C at a rate of 1 C per minute in a specialized freezing container (Nalgene 

cryocontainer) containing iso-propyl alcohol (BDH, Australia). Samples were transferred to 

a liquid nitrogen tank for long-term storage. 

 

2.4.2 Thawing of Cryopreserved Cultures 

Vials of cryopreserved mononuclear cells were thawed rapidly in a 37 C water bath. Cells 

were transferred to a 10ml polypropylene tube and cold RPMI was added drop wise (at 

1ml/min) until the tube was filled. 50μl of DNAse (Sigma) at 1mg/ml was added to each 

vial and incubated for 10 min at room temperature to digest gDNA from dead cells. The 

cells were centrifuged at 500g for 5 min and then resuspended to 1ml in AIM V, serum free 

tissue culture medium (Invitrogen, CA.) supplemented with 2-mercaptoethanol (2ME) (4 x 

10
-5

M final concentration, Sigma, Castle Hill, Australia), for T-cell cultures, or RPMI 

(Invitrogen, C.A.) supplemented with 10%, non heat-inactivated FCS (Australian 

Biosearch, Australia) for cultures stimulated with LPS. Preliminary experiments 

determined these to be optimal cell culture requirements for adaptive and innate immune 

responses respectively (data not shown).  

 

 Cells were stained with Trypan Blue (4%) and cell number and viability were determined 

using an Improved Neubauer haemocytometer (Weber Scientific, West Sussex, England).  

 

2.4.3 Culture Stimulants 

To study both the innate and the adaptive immune response in thawed primary 

mononuclear cells, cell-suspensions were diluted in AIM-V supplemented with 2-Mercapto 

ethanol (4x10
-5 

mol/L, Sigma Australia, for T-cell studies) or RPMI with 10% non-HI FCS 

(for innate studies) to a concentration of 1x10
6 

cells/ml and seeded into 96-well round-

bottom polystyrene plates (Costar), at a volume of 250 μl/well. Mononuclear cell fractions 

were stimulated with the following antigens: 
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1. Purified human anti-CD3 monoclonal antibody (0.5ug/ml) (Miltenyi) in 

combination with recombinant human IL-2 (10 Units) (Sigma) for T-cell cultures. 

2. LPS (Alexia) at a concentration of 1ng/ml for the study of the innate immune 

response.  

3. House dust mite (HDM) extract (20ug/ml), Ovalbumin (OVA) (100ug/ml, Sigma) 

and staphylococcus enterotoxin B (SEB) (200ng/ml, Sigma) for allergen cultures. 

 

HDM was a kind gift from Prof. Patrick Holt’s laboratory. Justification for these antigens 

and determined concentrations is outlined in chapter 3.0. For T-cell cultures, innate 

immunity and allergen studies, cells were incubated for 24 hours, 12 hours, and 48 hours 

respectively at physiological 37 C, 5% CO2. At conclusion of cultures, a sample of culture 

supernatant (200μl) was frozen at -20 C for Luminex analysis of cytokine production.  

 

2.4.4 Purification of CD4+ T-helper Cells 

CD4+ T-helper/inducer cells were purified from whole PBMCs after 24 hours in culture. 

Replicate wells of PBMCs (1x10
6
 cells/ml were cultured in round bottom 96-well plates, in 

AIM-V serum free media (Invitrogen, CA) supplemented with 2-mercaptoethanol (4x10
-5 

mol/L, Sigma Australia) and stimulated with 0.5ug/ml anti-CD3 monoclonal antibody 

(Miltenyi Bioscience, Germany) and 10 units of recombinant human IL-2 (BD biosciences, 

Aus). 

 

CD4+ T-cells were purified by positive magnetic separation using DYNAL technology 

using a two-step, CD8/CD4 isolation procedure which has been shown to yield high-purity 

CD4+ T-cells as measured by FACS analysis (Invitrogen, CA). Whole PBMCs were 

flushed from replicate wells multiple times using a P200 and combined into a 10 ml 

polypropylene tube.  The following protocol is based on 4 x 10
6 

recovered PBMCs. Tubes 

were centrifuged at 500x g for 5mins at 8 °C to pellet cells. Supernatants were aspirated 

and pellets resuspended in 140μl of PCFD buffer (Appendix 2) and combined with 30μl of 

pre-washed magnetic beads coated with a monoclonal antibody specific for human CD8. 

Cells were incubated at 4 C for 20min on a circular rotor. Cells were gently resuspended 

and placed on a DYNAL magnet for 2min before removing the CD8- supernatant fraction. 

This fraction was added directly to 45μl of pre-washed magnetic beads coated with a 
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monoclonal antibody specific for human CD4. An extra 175μl of PCFD was added to cells, 

which were again incubated for 20min at 4 C. Meanwhile 500μl of TRIzol (Invitrogen) was 

added directly to CD8 T-cell fraction and frozen at -80 C. Bead-bound CD4+ cells were 

next washed twice in 1ml of PCF buffer and 500μl of TRIzol was added directly onto 

beads, vortexed and incubated for 5min at room temperature before freezing at -80ºC for 

RNA extraction.  

 

2.4.5 Harvesting Total RNA from Cell Cultures in 96-well Plates 

LPS stimulated mononuclear cells were transferred to polypropylene microfuge tubes by 

flushing with a 200μl pipette. Duplicate wells were combined into one tube before 

centrifuging at 450g for 5 min at RT. During this spin, 150μl of TRIzol (Invitrogen, 

Australia) was added to the wells of the culture dish to lyse any cells remaining and this 

volume was carried over duplicate wells. Supernatants were completely removed from cell 

pellets and stored at -20ºC for cytokine analysis and 350μl of TRIzol was added to cell 

pellets. Pellets were then mixed by pipetting and vortexed thoroughly before being 

combined with the 150μl volume of TRIzol remaining in the plate. Tubes were incubated at 

RT for 5 min before freezing at -80ºC. 

 

2.4.6 Purification of Total RNA 

Total RNA was extracted using a combined TRIzol / RNeasy cleanup protocol. Briefly, 

frozen TRIzol lysates were thawed and mixed with 1/5 volume of chloroform before 

centrifugation at 4ºC according to manufacturer’s instructions. The aqueous phase was then 

mixed with 300μl of 70% ethanol and applied to RNeasy columns (Qiagen, Australia) for 

cleanup according to manufacturers protocols. RNA yield and purity was assessed by 

spectrophotometry. RNA integrity was periodically assessed using the Bioanalyser (Agilent 

Technologies, Palo Alto, CA).  
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2.4.7 Flow Cytometry 

Lymphocyte surface marker expression was examined on a LSR II FACS machine from 

Becton Dickenson (BD, USA). PBMCs were washed in PBS supplemented with 0.1% 

sodium azide and 1% normal human serum and incubated for 30 min at 4ºC with 

fluorescent-labelled monoclonal antibodies (MAbs) (all obtained from BD Biosciences, 

Sydney, Australia). Isotype controls were used to assess the specificity of the fluorescent 

signal. Data were analyzed using FlowJo software (Tree star Inc.). For assessment of 

magnetic bead selection purities, whole PBMCs and cell subsets were stained with CD56-

PE, CD4-APC, CD3-APC Cy7 and CD14-FITC (BD, Biosciences) and percentage purities 

were determined on the LSRII with FACS Diva (BD. Biosciences). CD4+ T-cell purities 

ranged from between 85-95% pure.  

 

2.4.8 Lymphocyte Proliferation Assays 

As a robust measure of T-cell activation, lymphocyte proliferation was measured in 96-well 

polypropylene culture plates (Corning, USA) after 72 hours in culture in the presence of 

anti-CD3 monoclonal antibody (Miltenyi Bioscience, Germany) and recombinant human 

IL-2 (BD biosciences, Aus). 
3
H-thymidine was added to each triplicate well in culture (0.5 

Ci/well) and DNA synthesis was measured as 
3
H-thymidine incorporation after 18 hours 

incubation with lymphocytes. Cells were harvested onto glass fibre mats, dried, and 

proliferation was measured on a Beta-counter (Beckman Coulter) as median disintegrations 

per minute (dpm) recorded for each triplicate, and expressed as delta dpm designating 

background-corrected cellular proliferation.  

 

2.4.9 Luminex Assessment of Cytokine Production in Cell Cultures 

Cytokine production was measured from frozen aliquots of cellular supernatants using a 

multiplexed, washed capture sandwich immunoassay using magnetic microspheres. Cell 

culture supernatants were diluted 1:2 in PBS-BSA (1%) (Appendix 2). For multiplexed 

assays, 250μl of stock beads coupled to protein were mixed by vortex and sonicated for 

30sec before diluting in 5.5ml PBS-BSA (1%) to achieve a standard 2500 beads/ target/ 

well. 50μl was added to each well of a costar 96-well flat immuno plate (Invitrogen). A 

multiplexed standard curve series was prepared by diluting purified proteins (eBioscience, 

Australia) to a concentration of 30 000 pg/ml in diluents (either RPMI or AIM depending 
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upon the assay) and performing nine serial dilutions covering a measurable range of 3 – 

30000 pg/ml. 50ul of each standard and sample were added to the bead mix in the 96-well 

plate, sealed from light and incubated at RT for 30min with shaking. Plates were placed on 

a magnet for 30sec and supernatants removed before washing beads twice in 100μl of PBS-

BSA (1%). Biotinylated secondary antibodies (eBioscience, Australia) were diluted to a 

predetermined optimal concentration in PBS-HSA (1%) and 50uL was added to each well 

of the 96-well plate before sealing from light and incubating at RT for 30min with shaking. 

After 30min plates were placed on the magnet and wash steps were repeated. Streptavidin-

R-PE (eBioscience, Australia) was diluted to 1µg/ml in PBS-HSA (1%) and 50uL was 

added to each well of the 96-well plate before sealing from light and incubating at RT for 

30min with shaking. After this time beads were again washed as previously mentioned and 

resuspended in 100μl of PBS-BSA (1%) before reading on the Luminex counter.  

 

Between group comparisons of measured cytokine production were made for each cytokine 

on an individual basis using the Mann-Whitney U test, deemed appropriate for the 

distribution of the data. Although the figures present all cytokines measured, each 

hypothesis was tested individually and exact P-values were reported.  

 

Proteins were washed and coupled to beads by staff in the laboratory including the author. 

Ms Nina D’Vaz determined optimal biotin concentrations during in-house experiments.  

 

2.5 Molecular Work 

2.5.1 Pooling Total RNA from Multiple Subjects 

Total RNA from each volunteer in this study was combined together with five other 

individual samples. Each individual contributed the equivalent amount of total RNA. 

Pooled RNA samples were then concentrated using the RNeasy Min Elute clean up kit 

according to the manufacturer’s instructions (Qiagen, Australia). Pooled and concentrated 

RNAs were assessed for quality by spectrophotometry and using the Agilent Bioanalyzer 

according to manufactures instructions supplied with the Agilent RNA 6000 Nano kit 

(Agilent technologies, USA). RNA integrity numbers (RINs) were recorded from the 

software prior to chipping RNA samples as standard RNA QC. In general RIN numbers 

were 7.3-10 indicating high quality RNA.  
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2.5.2 Preparation of RNA for Affymetrix Human Gene 1.0 ST Arrays 

Messenger RNA pools harvested from cultured primary cells were labelled for 

hybridization with oligonucleotide array chips according to manufacturers protocols 

(Affymetrix GeneChip WT Sense Target Labelling Assay (Affymetrix, USA)). This 

procedure involves several steps to convert sense-orientated mRNA complementary RNA 

(cRNA) for the subsequent generation of sense-strand ssDNA.  

100ng of total RNA were randomly primed as follows: 

 

Reagent Volume 

Total RNA (100ng) variable 

T7-(N)6 Primers 1 μl 

RNase-free water up to 5 μl 

Total Volume 5 μl 

 

Tubes were mixed, spun down, and incubated for 5 min at 70
o
C. The mixtures was cooled for at least 3 min 

(no more than 10 min) at 4
o
C  

 

cDNA was synthesized using the SuperScript II enzyme as below: 

 

Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

5 x 1st Strand Buffer 2 μl 18 μl 34 μl 

DTT (0.1M) 1 μl 9 μl 17 μl 

dNTP Mix (10mM) 0.5 μl 4.5 μl 8.5 μl 

RNase Inhibitor 0.5 μl 4.5 μl 8.5 μl 

SuperScript II 1 μl 9 μl 17 μl 

Total Volume 5 μl 45 μl 85 μl 

 

Reactions were incubated at 42 C for 1-hr before conversion to complementary cDNA.  
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Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

MgCl2 (17.5mM) 4 μl 36 μl 68 μl 

dNTP Mix (10mM) 0.4 μl 3.6 μl 6.8 μl 

DNA Polymerase I 0.6 μl 5.4 μl 10.2 μl 

RNase H 0.2 μl 1.8 μl 3.4 μl 

RNase-free water 4.8 μl 43.2 μl 81.6 μl 

Total Volume 10 μl 90 μl 170 μl 

 

Samples were incubated at 16  for 2-hrs before in vitro transcription to complementary RNA (cRNA) 

 

Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

10 x IVT Buffer 5 μl 45 μl 85 μl 

IVT NTP Mix 20 μl 180 μl 340 μl 

IVT Enzyme Mix 5 μl 45 μl 85 μl 

Total Volume 30 μl 270 μl 510 μl 

 

Reactions were incubated at 37 °C for exactly 16-hrs. cRNA products were purified as follows. Samples were 

adjusted to 100ul in water and 350ul of cRNA binding buffer was added to each tube. cRNA was precipitated 

in 100% ethanol and applied to cRNA columns, washed twice and eluted in 12ul of water for quantitation by 

spectrophotometry.  

 

Quantification of cRNA 

1. cRNA yield was determined by spectrophotometric UV measurement at 260nm, 280nm and 320nm. 

 Concentration of cRNA ( g/μl) = [A260 – A320] x 0.04 x dilution factor (20) 

 g of cRNA = eluate in μl x conc of cRNA in g/μl 

2. The volume required for 10 g cRNA for second cycle cDNA synthesis was determined from 

spectrophotometric readings. 

 

Purified cRNA was randomly primed as follows: 
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Reagent Volume 

cRNA (10 g) variable 

Random Primers (3 g/ l) 1.5 μl 

RNase-free water up to 8 μl 

Total Volume 8 μl 

 

Reactions were incubated at 70 C for 5 min and cooled to 25 C for 5min before reverse transcription. 

 

Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

5 x 1st Strand Buffer 4 μl 36 μl 68 μl 

DTT (0.1M) 2 μl 18 μl 34 μl 

dNTP+dUTP (10mM) 1.25 μl 11.25 μl 21.25 μl 

SuperScript II 4.75 μl 42.75 μl 80.75 μl 

Total Volume 12 μl 108 μl 204 μl 

 

Extension proceeded at 42  for 90min before cRNA hydrolysis. 1μl RNase H was added to 

each sample and incubated at 37 C for 45min and denatured at 95 C for 5min. 

 

ssDNA products were purified on silica columns according to manufacturer’s instructions. 

Reaction products were mixed with a binding buffer and applied to columns before 

washing and elution in 15ul of supplied elution buffer. 

 
Quantitation of ssDNA was performed by spectrophotometric UV measurement at 260nm, 280nm and 320nm. 

 

 Conc of ssDNA ( g/μl) = [A260 – A320] x 0.033 x dilution factor 

 

 g of DNA = eluate in μl x conc of DNA in g/μl 

 

  

ssDNA products were fragmented as follows: 
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Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

ssDNA 5.5 g + water 

to 21.2μl 

  

10 x cDNA Fragmentation 

Buffer 

4.8 μl 43.2 μl 81.6 μl 

UDG (10U/ l) 1 μl 9 μl 17 μl 

APE 1 (1000U/ l) 1 μl 9 μl 17 μl 

RNase-free water 20 μl 180 μl 340 μl 

Total Volume 48 μl 241.2 μl 455.6 μl 

 

Fragmentation was carried out at 37 C for 1hour before deactivation of the enzyme at 93 C for 2 min.  

Fragmented products were labelled with supplied labelling reagent as follows: 

 

Reagent Vol. for 1 Rxn Vol. for 9 Rxns Vol. for 17 Rxns 

Fragmented ssDNA 45 μl   

5 x TdT Buffer 12 μl 108 μl 204 μl 

TdT 2 μl 18 μl 34 μl 

DNA Labelling Reagent 

(5mM) 

1 μl 9 μl 17 μl 

Total Volume 60 μl 135 μl 255 μl 

 

Labelling was performed at 37 C for 1 hour and 70 C for 10min and stored at -80 C. 

Labelled single stranded products were sent to the Molecular Genetics Research Services (Sir Charles 

Gairdner Hospital, Perth, Australia) facility for hybridization and scanning of microarray chips.  

 

2.5.3 Quantitative PCR 

First strand synthesis of cDNA. 

Total RNA was reverse transcribed into cDNA with Quantitect Reverse Transcription kit 

(Qiagen, Australia) according to manufacturer’s protocols. RNA was treated with gDNA 

wipeout buffer to remove any contaminating DNA before priming with a combination of 

oligo d(T) and random hexamers. Reverse transcription was performed with the Ominscript 

RT enzyme for 1 hour at 42 C on an Applied Biosystems thermocycler (GeneAmp 7000). 

cDNAs were diluted 1/5 and stored at -20 .  
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Primer design. 

For the majority of PCR validation, guaranteed primer assays were purchased from Qiagen 

and the sequence information is proprietary of that company. Custom primer assays were 

designed in house using the primer-BLAST interface available through the PubMed 

Nucleotide website (www.ncbi.nlm.nih.gov/nuccore). The interface uses Primer-3 and 

BLAST as the back-end to the user interface. Primer sequences were specific for the 

transcript of interest (by the BLAST algorithm) and where possible were designed to span 

intron junctions to avoid co-amplification of any contaminating gDNA. Sequences with 

minimal predicted secondary structure, GC content greater than 55% and melting 

temperature (Tm) approximating 60 degrees were given preference. Primers sequences 

were synthesized by Proligo (Sigma, Australia) on the 25nM scale and validated in-house 

by analysis of melting profiles. Custom primer sequences are given below for those genes 

which data is presented in this thesis. 

 

Table 2.1 – Custom primer sequences for mRNA quantitation by qRT-PCR 

 

Real Time Polymerase Chain Reaction 

Gene expression was measured on the ABI PRIMS 7900HT (Applied Biosystems) using an 

absolute quantitation protocol. 4ul of cDNA were primed with Quantitect primer assays 

from Qiagen (sequence information property of Qiagen) and amplified in SYBR green 

chemistry with a hot-start Taq enzyme. An eight-point standard curve was included for 

each target to measure copy number and all targets were normalized to the housekeeping 

gene EEF1A1 or UBE2D2 (284). Melt curve analysis was performed on every assay to 

ensure specificity of amplified products. Statistical analysis of qRT-PCR data were 

performed in the SPSS software using the Man-Whitney tests for between group 

comparisons of non-parametric data. Gene expression levels were compared between 

groups individually and exact P values were reported. 

http://www.ncbi.nlm.nih.gov/nuccore
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3.0 Development of Methodology 

Previous studies have shown that differences exist across a broad spectrum of immune 

functions between allergic and non-allergic children (149) (86, 87, 150, 157, 160, 285-288). 

Both innate (151, 159) and adaptive (86, 157, 289) immune responses to allergens and 

super-antigens are altered in children who subsequently develop allergic disease. It is clear 

that these differences precede the clinical manifestations of disease, although our 

understanding of when these differences arise (154) and mechanisms by which the immune 

system is ‘alternatively programmed’ are poorly understood.   

 

In this project, microarray technology was employed to study the gene response profiles of 

allergic and non-allergic children during antigen challenge in a cell culture system. Both the 

adaptive T-cell response and the innate immune response were interrogated for differential 

gene expression. The ultimate goal was to uncover covert differences in the transcriptional 

response to in vitro antigen challenge in allergic children. The following sections describe 

the clinical characteristics of the cohort, and experiments for the cell culture and microarray 

methodology.  

 

3.1 Selection of the Cohort and Clinical Characteristics 

Volunteers were selected for this study according to the criteria outlined in Chapter 2.2. 60 

volunteers were selected for this study (Table 3.1). Sensitization data was available for 60 

(100%) children at 12-months, 48 (80%) children at 2.5-yrs and 35 (58%) children at 5-yrs. 

Sensitization to egg peaked at 12-months declining thereafter with 39% of the total 

population sensitized at 12-months, 19% at 2.5-yrs and 14% at 5-yrs. Sensitization to cow’s 

milk remained fairly stable, representing 9% of the total population at 12-months, 10% at 

2.5-yrs and 6% at 5-yrs.  The prevalence of peanut sensitization was high in this cohort, 

comprising 17% at 12-months, 15% at 2.5-yrs and 11% at 5-yrs. It is likely that figures for 

the 5-yr follow-up in particular under-represent the true rate of sensitization in the 

population due to the low follow up rate.   

 

House dust mite was the most common inhalant that provoked an IgE response, followed 

by rye and the southern grass mix. The pattern of sensitization for house dust mite began at 
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6% at 12-months and increased steadily thereafter to 21% at 2.5-years and 37% at 5-years. 

Sensitization to rye was absent at 12-months, increased to 4% at 2.5-years and 11% at 5-

years.  

 

Non-allergic children were not sensitized and were asymptomatic at the 12-month and 2.5-

year follow-up, however, a small percentage of the non-allergic population spontaneously 

developed sensitization to inhalant allergens by the time they came in for 5-year follow-

ups. 7 children from the non-allergic group (11.7%) developed spontaneous sensitization to 

cat dander, grasses, rye, moulds or house-dust mite.  

 

13% of the food allergic population were at risk for anaphylaxis at 12-months, and this 

increased to 19% at 2.5-yrs. 20% of allergic volunteers had associated respiratory 

symptoms on exposure to allergenic food at 12-months, which also increased to 24% by 

2.5-yrs. The most common clinical manifestation of food allergy was urticaria which was 

present in 67% of allergic children age 1 and 33% at 2.5-yrs. Gastrointestinal complaints 

were relatively rare affecting only 7% of allergic children at 1 and were completely absent 

in children with available data at 2.5-yrs. 

 

The non-allergic population were asymptomatic at 12-months, 2.5-yrs and 5-yrs where data 

was available. Maternal atopy was recorded for 88% of the allergic volunteers, and 64.2% 

of non-allergic volunteers.  
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Table 3.1 – Characteristics of the 60 volunteers selected for this study.  

Characteristic Food Allergy (n=30) Healthy (n=30) P value

Gender* (n(%))

Male 17(68) 9(40.9) 0.082

Female 8(32) 13(59.1)

Delivery method* (n(%))

Vaginal 17(73.9) 10(58.8) 0.496

Caesarian 6(26.1) 7(41.2)

Breastfed* (n(%))

Yes 25(100) 20(90.9) 0.214

No 0(0) 2(9.1)

Family History  * (n(%)) 30 (100) 24 (92)

Gestation* (w(SE)) 38.9(0.28) 39.1(0.329) 0.772

Birthweight* (g(SD)) 3596(70.8) 3476.4(113.4) 0.359

Length* (g(SD)) 50.5(0.465) 49.8(0.55) 0.303

Headcircumference* (cm(SD)) 35.1 (0.25) 34.55(0.35) 0.197

Number of siblings* (n(SD)) 0.48 (0.13) 0.91(0.2) 0.06

Age of first weaning* (m(SD)) 5.3(0.22) 4.8(0.22) 0.138

Age milk introduced* (m(SD)) 8.9(0.51) 9.3(0.52) 0.645

Age egg introduced* (m(SD)) 10.2(0.32) 9.1(0.54) 0.086

Age peanut introduced* (m(SD)) 10(0.84) 9.7(1.1) 0.831

Clinical Outcomes

Sensitization † (n(%)) 12months 2.5 years 12 months 2.5 years

Any food 30 (100) 18 (85.7)** 0 (0) 0 (0)

Egg 26 (86.7) 12 (57) 0 (0) 0 (0)

Milk 6 (20) 3 (14.3) 0 (0) 0 (0)

Peanut 10 (33.3) 7 (33.3) 0 (0) 0 (0)

Any Inhalant 8 (27) 12 (57) 0 (0) 0 (0)

HDM 3 (10) 12 (57) 0 (0) 0 (0)

Mould 2 (7) 1 (4.7) 0 (0) 0 (0)

Cat 5 (17) 6 (28.6) 0 (0) 0 (0)

Symptoms * ((n%))

Anaphylaxis 4 (13) 4 (19) 0(0) 0(0)

Respiratory 6 (20) 5 (24) 0(0) 0(0)

Angiodema 10 (33) 4 (19) 0(0) 0(0)

Urticaria 21 (68) 7 (33) 0(0) 0(0)

Gastrointestinal 3 (10) 0 (0) 0(0) 0(0)

Asymptomatic 0 (0) 5 (24) 30 (100) 30 (100)

 † Determined by skin prick test

* Determined by questionnaire data

** SPT Data on 21/30 children at 2.5 years

Statistical comparisons by Chi squared and t test for continuous data

Table 1 Clinical characteristics of the 60 infants selected for this study 

Non-allergicFood Allergy 

 

 



 63 

3.2 Preliminary Studies of T-cell Activation 

It is well accepted that the allergic response is mediated through excessive Th2 

signaling, and there has consequently been logical interest in the factors that influence 

T-cell lineage choice. 

 

One of the central questions in the area of T-cell biology is whether the genetic program 

T-cells express during early activation determines the differentiation of different T-cell 

subsets, and whether this program differs in atopic children.  

  

3.2.1 Background on T-cell Activation 

In broad terms T-cell activation and subsequent lineage commitment is influenced by 

TCR signaling (antigen availability), co-stimulation, and inflammation (290). The 

integrated sum of these cues is thought to be deterministic in lineage choice, however, 

the lineage relationship between naïve and effector T-cells are surprisingly ambiguous 

and the mechanisms that regulate T-cell fate are still unclear. 

 

Previously, the relationships between naïve, effector and memory T-cells were thought 

of as a simple step-wise progression, a result of terminal differentiation following the 

expansion and contraction phase of the adaptive response (290). Following the 

discovery of distinct effector memory (TEM) and central memory (TCM) subpopulations 

this initial paradigm was challenged (291). It has now been proposed that TCM may 

originate from antigen-experienced progeny that are less terminally differentiated than 

effector T cells, and hence more closely resemble naïve T-cells than bone fide effector 

T-cells, raising the possibility that divergent T-cell fates are specified when a naïve 

T-cell is activated (290).  

 

In this project, we were intent on studying the acute phase of T-cell activation with a 

view to identifying differences in the early phase of T-cell activation that may be 

relevant to the development of atopy. 
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3.2.2 Aims and Hypotheses 

The T-cell activation response has been studied by microarray in previous experiments 

(266, 268), and the genetic program is well documented, however, a differential 

expression approach in children with food allergy has to our knowledge, never been 

undertaken. The primary goal was to: (i) study the levels of T-cell activation induced 

over a range of doses of monoclonal anti-CD3 antibody, in donor cord and peripheral 

blood samples; and: (ii) to select a suitable dose for future microarray experiments in 

order to study the T-cell activation response. 

 

We hypothesized that low-dose activation of the TCR (about threshold levels of 

activation) would be optimal to differentiate gene-response programs that might vary 

according to phenotype, in allergic and non-allergic children. Memory T-cells have 

been shown previously to require a lower activation threshold (292), and therefore our 

strategy was optimized to preferentially activate these cells. 

 

To induce the T-cell activation response, anti-CD3 monoclonal antibody (mAB) was 

chosen as a classical activator of T-cells. Anti-CD3 has a long-standing history as a 

classical activator of T-cells and has been used successfully in models of autoimmune 

disease (293) and models of allergy (268). The use of soluble anti-CD3 and IL-2 have 

been documented in previous microarray experiments (266, 268), however, the potential 

pitfalls of such experiments revolve around the strength of the activating stimulus, 

which may distort physiological patterns of gene expression (269).  

 

The high-affinity binding of anti-CD3 with the Fc receptor means that it is a strong T-

cell activating stimulus. Although the precise mechanisms are unclear, the strength of 

the TCR stimulus is known to affect T-cell signaling and subsequent T-cell responses. 

Some studies report that low-dose stimulation favours the development of IL-10 and 

TGF-  producing regulatory populations, whilst high-dose T-cell signaling favours an 

active immune response (293-295). In other studies conducted in CD8+ T-cells, 

decreasing the duration or affinity of TCR-antigen binding diminished the degree of 

clonal expansion without effecting the proportional differentiation of T-cell subsets 

(296).  
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Previous studies successful in inducing T-helper differentiation with anti-CD3 have 

used doses of 0.5-1ug/ml (266), which was chosen as a reference point for dose-

response experiments.  

 

3.2.3 T-cell Activation by Proliferative Response 

Peripheral blood from young children (n=2, median age 5.4), cord blood (n=2) and 1 

reference adult volunteer were cultured in AIM-V serum free media + 2ME with 

increasing concentrations of soluble anti-CD3 and rhIL-2 (as per methods section 

2.4.3). The table below shows the stimulation protocol. 

 

Table 3.2- Stimulation matrix for T-cell activation experiments 

 

Whole PBMC were thawed from frozen stocks and resuspended to a concentration of 

1x10
6
 cells/ml and cultured in the presence or absence of soluble anti-CD3 and IL-2 

(Table 3.2) for 72 hours prior to the addition of 
3
H-thymidine (Methods section 2.4.8). 

Cells were harvested after a further 18 hours and incorporated 
3
H-thymidine was 

measured on the Beta-counter. Figure 3.1 shows unadjusted median counts of triplicate 

dpm. 

 

rhIL-2 (U/mL) 0.1 0.5 1

10U 0.1/10 0.5/10 1.0/10

50U 0.1/50 0.5/50 1.0/50

Dose anti-CD3 (ug/mL)
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Figure 3.1 T-cell proliferative responses to anti-CD3/rhIL-2. Donor lymphocytes from neonates, 

infants and n=1 volunteer adult were cultured for 72 hours in AIM-V media with increasing 

concentrations of CD3 monoclonal antibody and IL-2. Following an 18-hour exposure to radioactive 

thymidine, cells were harvested onto a glass fiber mat and dpm were recorded in triplicate for each 

experimental condition.  

 

The proliferative responses seen in cord blood were markedly lower than adult and 

infant blood. Naïve T-cells express fewer TCR at the apical surface and thus require a 

higher threshold of activation to initiate a response compared to antigen-experience T-

cells (297). The proportion of naïve T-cells within cord blood is likely to be higher than 

in infant or adult blood which may explain the difference in the magnitude of cord 

blood responses. Increasing doses of anti-CD3 had minimal effect on T-cell 

proliferation at all ages suggesting full saturation of the available TCR. Marginally 

higher levels of proliferation were achieved at the higher dose of 50 units IL-2.  

 

3.2.4 Examination of CD25 Up Regulation by Flow Cytometry 

CD25 is considered to be the hallmark late activation marker of T-cells and is also the 

IL-2 receptor alpha chain (298). Cells from the same donors were cultured under 

identical conditions for T=48 hrs and whole PBMCs were stained for surface maker 

expression of CD3 and CD25 by flow cytometry. Data were recorded on the LSRII and 

the mean fluorescence intensity (MFI) of the CD25 signal was normalized to CD3 

expression to adjust for changes in T-cell numbers by proliferation. Figure 3.2 shows 

the normalized expression of CD25 receptor by FACS. 
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Figure 3.2 CD25 surface marker expression after CD3 stimulation. Donor lymphocytes from 

neonates, infants and n=1 volunteer adult were cultured for 48 hours in AIM-V media with increasing 

concentrations of CD3 monoclonal antibody and IL-2. At conclusion of cultures cells were stained with 

fluorescent dye for CD3 and CD25 expression, which were measured by FACS. Each data point 

represents the normalized MFI of CD25.  

 

Cord blood expression of CD25 was of a similar magnitude to adult and infant blood 

with high expression noted at the highest stimulation dose. This was in contrast to cord 

blood proliferative responses noted in the previous experiment, suggesting that once 

activation is achieved, CD25 expression proceeds in a similar manner. The fluorescence 

data is in agreement with the proliferation data with modest increases in CD25 

expression observed at higher doses of anti-CD3.  

 

3.2.5 PCR Analysis of Surface Marker Expression Following anti-CD3 Stimulation 

Cells from the same donors were cultured in identical conditions for 24 hours after 

which time CD4+ T-cells were purified from cell fractions by magnetic cell sorting (see 

methods section 2.4.4). Purified T-cells were lysed in Trizol and RNA was harvested 

using a combined TRIzol/RNeasy column method (section 2.4.6). Total mRNA was 

reverse transcribed into cDNA using the quantitect RT kit (Qiagen) with gDNA 

removal according to manufacturer’s instructions. cDNAs were amplified by qRT-PCR 

with SYBR green to determine 24 hour T-cell specific gene expression. Figure 3.3 

shows normalized expression of the IL-2R and the IL-4R. 
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Figure 3.3. qPCR expression of the IL-2R and IL-4R in CD3 stimulated purified T-cells. Donor 

lymphocytes from neonates, infants and 1 volunteer adult were cultured for 24 hours in AIM-V media 

with increasing concentrations of CD3 monoclonal antibody and IL-2. At conclusion of the cultures 

CD4+ T-cells were purified from the PBMC fraction and RNA was harvested. Total mRNA was 

converted to cDNA and the expression of CD25 and IL-4R were measured. The data were normalized to 

the housekeeping gene EEF1A1.  

 

At 24 hours the expression of CD25 mRNA is reduced in cords compared to infants. 

This may reflect differences in the kinetic regulation between mRNA (24hrs) and 

surface marker expression (48hrs) particularly for a gene such as CD25, which is known 

to be a late (24-48hrs) marker of T-cell activation (298). Low-level production of IL-4R 

mRNA was observed in cord blood over the entire dose range, whereas production of 

IL-4R mRNA was of a similar magnitude in infants and adults. It is likely that this 

represents a fundamental difference in the frequency of IL-4 producing (Th2) T-cell 

subsets between neonatal and infant blood, which develop over time, in response to 

antigen exposure.  

 

The dose-range in this experiment covers 1 log, and each dose was suitable to elicit a 

measureable T-cell activation response. A final concentration of 0.5ug/ml anti-CD3 and 

10U of rhIL-2 were selected for use in future experiments because it falls in the middle 

of the dose-curve series and was deemed to be a logical choice. The time-point at which 

to sample the transcriptional response is largely known from previous work in the host 

laboratory. Since naive T-cells generally require ~20 hours of stimulation to commit to 

proliferate (297) a 24-hour time-point was selected in order to capture a ‘snap-shot’ of 

the acute T-cell activation program.  



 69 

3.3 Preliminary Studies of the LPS Signalling Response as a Measure of 

Innate Immune Cell Function 

The strongest environmental cue for the maturation of mucosal immunity shortly after 

birth comes from microbial signalling through Toll-like receptors (TLRs). The ability of 

APCs to transduce these signals is therefore important in the protection from allergic 

disease. In the present study, we proposed to investigate the cellular immune response 

to lipopolysaccharide (LPS), a component of the outer-membrane of gram negative 

bacteria as a surrogate measure of APC function. LPS signals through TLR4 and is a 

classical activator of the host defence response.  

 

3.3.1 Background on LPS Signalling 

The LPS response is primarily enacted by macrophages that can induce the expression 

of several hundreds of genes within a few hours of LPS stimulation (299, 300). This is 

by nature a highly complex and rapid response requiring the coordination of many 

functional programs controlling cell migration, tissue repair, antimicrobial defence, 

phagocytosis, antigen presentation, and the priming of adaptive immune responses 

(301).  

 

LPS signals through the TLR4 receptor which is unique among the TLRs in its ability to 

activate two distinct signalling pathways. Ligand engagement of TLR4 at the plasma 

membrane induces the first pathway activated by the adaptors TIRAP (Toll/interleukin-

1-receptor-domain-containing adaptor protein) and MyD88. This pathway leads to the 

induction of several pro-inflammatory cytokines. Endocytosis of TLR4 and 

sequestration in the endosomal compartments sequentially engages the TRIF (TIR-

domain containing adaptor protein inducing interferon- ) and TRAM (TRIF-related 

adaptor protein) pathway, which leads to the induction of type I, interferons (interferon 

 and ) (302). 
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The maturation of these pathways during early life stimulates the production of 

protective Th1 (IL12) signals, and deficiencies in APC signalling in the early period are 

implicated in the development of Th2-mediated allergic disease (93). In the present 

study we profiled these pathways by microarray to determine whether altered innate 

immune cell function might be implicated in the development of food allergy. 

 

3.3.2 Aims and Hypotheses 

Since the LPS response is rapid and complex, the timing at which to sample the 

transcriptional response by microarray was not known. One microarray study reported 3 

hours was the optimal time-point to sample gene expression from selected cytokines in 

purified human monocytes (303), while others have studied innate immune function at 6 

and 24 hours (162). The primary aim of this section was: (i) to study the kinetics of 

gene expression for selected genes of interest involved in the innate immune response 

following LPS stimulation; (ii) to select a suitable time-point at which to study the 

innate response in future microarray experiments. 

 

3.2.3 PCR Time-Course Analysis of Gene Expression Following LPS Stimulation 

PBMCs from six unselected infant donors (median age 18 months) were thawed from 

frozen stocks and resuspended to a concentration of 1x10
6 

cell/ml. Cells were cultured 

in RPMI+10% non-heat inactivated (HI) FCS with LPS at 1ng/ml and RNA was 

harvested at 2 hrs, 6 hrs, 12 hrs and 24 hrs. The expression of several cytokine genes 

involved in the innate immune response was measured by PCR. 

 

Figure 3.4 shows the kinetic response of several innate immunity genes. The IL-18 gene 

increased rapidly in expression within the first two hours of stimulation and was rapidly 

suppressed thereafter. IFN-  and the IL-23R displayed synergistic expression consistent 

with the role of the IL-23R/IL-12 subunits in the activation of IFN-  transcription (304). 

IL-6 and TNF-  are both acute-phase inflammatory proteins, which exhibited similar 

patterns of expression characterized by early and sustained up-regulation until 24 hrs by 

which time the signal was indistinguishable from unstimulated cells. IL-1  was 

similarly expressed and down regulated by 24hrs. IL-8 is also known as CXCL8 and is 

produced by macrophages to recruit immune cells to the site of infection. Consistent 

with this role, IL-8 was displayed early and continual up-regulation was maintained 

throughout the duration of the time-course. TLR4 was down regulated early after 
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stimulation, which is expected, as TLR4 is down regulated at the apical surface upon 

encounter with LPS bound to CD14 (305). Based on this data, 12 hrs was selected as the 

time-point at which to sample the transcriptional response. Based on previous work in 

the host laboratory (162) and the work of others (303), a concentration of 1ng/ml was 

selected for use in microarray experiments.  

 

Figure 3.4 Time-course of the LPS cytokine response by PCR. Donor lymphocytes from six infants 

were cultured with 1ng/ml LPS and cytokine gene expression was measured over several hours. The bar 

graph shows background-corrected median gene expression with interquartile range. All measured genes 

were normalized and displayed relative to the housekeeping gene EEF1A1. 
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3.4 Optimization of Low Level Processing of Microarray Data 

In this section we tested various in silico methods for pre-processing microarray data to 

decide upon a standard to adopt for all future microarray experiments. 

 

3.4.1 Background to Pre-Processing of Microarray Data 

The goal of microarray data is to measure the abundance of specific genes from probe 

features present on the gene chip. The current Human Gene 1.0 ST arrays used in this 

project feature approximately 25 probe sets designed to interrogate the entire length of a 

single gene transcript. The first stage of data analysis begins with preprocessing the raw 

probe outputs involving three key steps:  

a. Background correction 

b. Summarization  

c. Normalization 

Together these steps discriminate positive signal from noise, converge data from probe 

sets into gene-level data, and normalize the signals across chips based on a set of 

positive control genes. The output is a workable file containing single intensity 

measures for each gene from which various high-level statistical models can be applied.  

 

Both the Robust Multichip Averaging (RMA) (306) and Probe Level Intensity Error 

(PLIER) (307) are ANOVA based integrated approaches to processing microarray data 

and are the most popular algorithms in use.  

 

The PLIER model differs from RMA in the way it handles error, utilizing a mixed error 

model proportional to the observed signal intensity, rather than the background-

subtracted intensity. Therefore, the background error can be adjusted to suite high and 

low abundance targets. High response and low response feature pairs contribute to the 

weighting of the fitted model that estimates the signal for the target response. 

 

The RMA algorithm utilizes a multiplicative rather than mixed error model using a 

global background signal to adjust for signal intensity. In this section the effects of 

these two methods on summarized probe-feature intensity signals are examined. 
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3.4.2 Aims and Hypotheses 

The goals of the present experiment were to: (i) compare the two most widely used pre-

processing algorithms, and evaluate their performance with respect to discriminating 

differential gene expression; (ii) to select a standardized algorithm from the two to 

process future microarray data. 

 

3.4.3 Comparative Analysis of Pre-Processing Algorithms 

In order to assess both algorithms in an unbiased fashion, an independent data set was 

selected for analyses that were publicly available from Affymetrix  

(http://www.affymetrix.com/support/technical/sample_data/gene_1_0_array_data.affx). 

This data set is termed the ‘Tissue Mixture’ experiment and is useful in identifying truly 

changing genes. This data set derives from two commercially available preparations of 

human brain and human heart mRNA, mixed together in 9 different proportions (Table 

3.3) including pure mixes of brain-only and heart-only. Three technical replicates of 

each mix were provided. Here it was expected the level of differentially expressed 

genes between each replicate should be low, whilst we expected proportional increases 

in differentially expressed genes between each mixture. These genes can be followed 

across the range of mixtures to assess performance.  

 

Table 3.3- Tissue mixture experiment. 

 

Data were imported into Expression Console (EC) as raw .CEL files and pre-processed 

with either the Affymetrix RMA algorithm or the more recent iterative PLIER 

algorithm. Sketch-quantile normalization with global background correction was 

performed and the results were exported as text files into the R statistical package 

(www.r-project.org/) to generate plots. 

 

In order to assess power to discriminate fold-change, MvA plots were generated for a 

subset of chips from the Tissue Mixture data set, including all (3) replicates from the 

pure Brain and the pure Heart mixtures (mix 9 and mix1, Table 3.1). As these mixtures 

are polar opposites, they contain the greatest number of truly differentially expressed 

genes. The MvA plots from data processed with each algorithm shows fold-change (M) 

on the vertical axis as a function of the average expression (A) of all genes (Fig 3.5).  

http://www.r-project.org/
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Points outside the horizontal lines are genes with a 4-fold or higher difference in 

expression between brain and heart. A higher density of genes displaying an expression 

of >= 4-fold changes was observed using PLIER suggesting a superior power to detect 

high-level fold-change.  

 

 

Figure 3.5 – Comparative MvA plots for the Tissue Mixture experiment. The pure Brain (mix 1) and 

pure Heart (mix9) were selected to generate MvA plots firstly with the RMA algorithm (A) and then with 

the PLIER algorithm (B). Genes are represented as dot points and those that lie beyond the upper and 

lower boundaries have a fold change value of +2 or -2 on the log scale. The density of points beyond the 

boundaries are indicated by the numbers on the plots. 

 

In order to assess the sensitivity of both algorithms, two technical replicates of Brain 

tissue were selected from the Tissue Mixture experiment. As these are technical 

replicates, the level of differential gene expression is low. The data was visualized in 

two ways to assess sensitivity to detect low-level fold-change. Figure 3.6 shows MvA 

plots from two technical replicates of the Brain mix with RMA (Fig 3.6A) and PLIER 

(Fig 3.6B) and the same data are visualized as scatter plots with RMA (Fig 3.6C) and 

PLIER (Fig 3.6D). We observed very little difference between the algorithms in respect 

to their ability to detect low-level fold-change.  
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Figure 3.6 – Evaluation of sensitivity in the Tissue Mixture data set. Two technical replicates of pure 

Brain mix were compared for differential gene expression using both the RMA (A and C) and PLIER (B 

and D) algorithms. Data were visualized as MvA plots (A and B) as well as scatterplots (C and D) and the 

density of points outside the boundaries is illustrated on the plots.  

 

In these experiments, both algorithms performed well, with PLIER outperforming RMA 

with greater power to discriminate true biological fold change. The PLIER algorithm 

with sketch-quantile normalization and global background correction were employed to 

summarize all future array data generated from this project.  
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3.5 Summary 

Microarray studies can be vastly informative and powerful tools; however, poorly 

designed experiments can lead to ‘noisy’ data and reduce the power to detect 

differentially expressed genes. As a prelude to future microarray experiments, several 

key parameters were optimized here. Due to the strength of the anti-CD3 stimulus used 

for T-cell experiments, it was necessary to optimize the dose-response relationship for 

maximal efficiency. Our decision was based upon experimental studies of T-cell 

activation using several available methods. Similarly, in studies of innate immunity it 

was necessary to perform preliminary experiments to measure the kinetics of gene 

induction by LPS. These experiments maximized the potential to capture the most 

relevant information on the microarray, as we were limited by costs and were not able 

to profile the LPS response over several hours. Finally, a logical and experimentally 

informed decision was made regarding the most efficient way to process microarray 

data for future experiments. The results obtained here set the minimum standards for 

future experiments. 
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Chapter 4.0 Microarray studies of CD4+ T-cell function in 

allergic and non-allergic children 

This chapter investigates T-cell mediated immunity in allergic and non-allergic 

children. Variations in T-cell function have been consistently associated with the 

development of allergic disease (308), including food allergy (32), in many studies of 

cellular immune function. These variations in T-cell function are thought to be central 

in the breakdown of oral tolerance and the establishment of the allergic immune 

phenotype. Despite ongoing research into T-cell biology, the nature and onset of these 

altered T-cell responses is unclear, however there is strong evidence that T-cell function 

is already altered at birth (148). In the present study, the genes expressed during the 

early phase of CD4+ T-cell activation were profiled by microarray in a cohort of 

children with food allergy and non-allergic children. The data in this chapter provides 

the first preliminary evidence of T-cell signal transduction pathways that are altered at 

birth and associated with the development of IgE food allergy.   

 

Background. 

The phenotype of IgE-mediated food allergies reflects a breakdown in mucosal immune 

networks that regulate oral tolerance, culminating in a systemic atopic phenotype (116). 

The failure of these networks to correctly govern immune responses to specific 

antigens, leads to the development of allergen-specific IgE responses, which are CD4+ 

T-cell mediated. Memory Th2 cells which promote the production of allergen-specific 

IgE, arise from naïve T-cell precursors following the expansion and contraction phase 

of the T-cell response. There are several key issues surrounding the lineage 

relationships between naïve, effector and memory CD4+ T-cells, but a longstanding 

fundamental question has been whether the genes expressed during the acute phase of 

the T-cell response determines the phenotype of progeny T cells, and whether 

differences in this program might be related to the development of Th2 immune 

responses in allergic disease. 

 

Recently, the development of egg allergy was found to be associated with a failure of 

mechanisms that normally suppress the emergence of Th2 T-cells (32). Independent 

studies (20, 86, 309) suggest these immune defects are detectable at birth, in the T-cell 

compartment. Collectively the research in this area suggests that gene-environment 
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interactions occurring in utero may alter the function of T-cells in neonates who 

develop allergic disease. These variations in T-cell immunity already present at birth are 

thought to affect the late-stage maturation of cellular immunity in postnatal life, 

contributing to the risk of allergic disease. Whilst these observations are widely 

consistent in studies of cellular immune function, no one has systematically 

characterized the T-cell signal transduction pathways that are altered by early life gene-

environment interactions.  

 

The present study utilized anti-CD3 antibodies to activate the T-cell receptor in order to 

study T-cell signalling events by genome-wide profiling in purified CD4+ T-cells. This 

stimulation protocol addressed the specific role of the early-phase TCR activation 

program, and was independent of any effects mediated by accessory cells. The 

transcriptional profiles of the TCR-mediated activation response were compared in 

children with food allergy and non-allergic children at birth, and again at 12 months to 

identify genes that were differentially expressed. In parallel experiments, cytokine 

responses gathered from allergen-specific and superantigen stimulated cultures were 

assessed as a measure of immune cell function.  
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Section 4.1 of this chapter is a study of neonatal T-cell function. Initially, cytokine 

responses to a restricted panel of allergens and superantigens are characterized to 

establish the nature of pre-symptomatic differences in immunity between phenotypes. 

Parallel microarray studies characterized the T-cell activation program using the anti-

CD3 stimulus, in purified CD4+ T-cells. Using several statistical approaches, genes 

differentially expressed between allergics and non-allergics are identified. 

 

Section 4.2 is a study of T-cell function at 12-months when the symptoms of food 

allergy are manifest. As before, cellular immune responses to a restricted panel of 

allergens and superantigens are characterized. Parallel microarray studies profile the 

TCR activation response in purified CD4+ T-cells and differential expression analysis is 

undertaken. 

 

In section 4.3 the ontogeny of cellular immune responses from birth to 12-months is 

investigated. Cellular immune studies documented here describe the change in allergen-

specific responses longitudinally. Microarray studies here contain a detailed analysis of 

the change in TCR activated gene expression from birth to 12-months, and the 

expression of developmentally regulated genes is compared between phenotypes. 
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4.1 – Neonatal Studies of T-cell Immunity 

This section explores functional differences in cellular immunity in the neonatal period 

between allergic and non-allergic groups. The results presented here characterize pre-

symptomatic differences in neonatal immune function that are associated with the risk 

to develop IgE-mediated food allergy in infancy.  

4.1.1 Reduced Th1 and Th2 Cytokine Production to Allergens and Superantigens 

at Birth in Children who Develop Food Allergy 

Differences in neonatal T-cell function are a well-recognized feature of allergic disease. 

We began by establishing functional differences in cellular immunity in this cohort. 

Cord blood mononuclear cells (CBMC) from panels of food allergic (n=25) and non-

allergic controls (n=19) were cultured alone or in the presence of ovalbumin (OVA) and 

staphylococcus entertoxin B (SEB) for 48h. At termination of the cultures, supernatants 

were assayed for functional cytokine production.  

 

As illustrated in Fig 4.1, the qualitative nature of immune responses in both allergic and 

non-allergic groups consisted of mixed T-cell responses (Th1/Th2) which is the normal 

pattern following primary antigen challenge (310). Cytokine production in the allergic 

group at birth was characterized by a reduced capacity to produce Th1 (IFN- ) and Th2 

cytokines (IL-5, IL-13), as well as the regulatory cytokine IL-10 in response to dietary 

antigen stimulation. Inflammatory TNF-  production by macrophages was similar 

between the two groups. Levels of IL-17 production were below detection limit 

(3pg/mL) for this assay.  

 

The data indicate that cellular immune responses are widely attenuated in the 

allergic group, and this appears to be a T-cell specific defect, as cytokine produced by 

monocytes and macrophages (TNF- ) were not significantly altered. It is acknowledged 

however that in this primary culture system it is not possible to delineate the precise role 

of APCs or Tregs. 
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Figure 4.1 Cytokine production from allergic and non-allergic CBMC in response to dietary 

antigen. A panel of allergic and non-allergic CBMC was cultured in the presence or absence of OVA for 

48hrs, and culture supernatants were assayed for cytokine production using a multiplexed Luminex assay. 

A standard panel of cytokines was chosen to represent Th1 (IFN- ), Th2 (IL-13, IL-5), Treg (IL-10) and 

Th17 (IL-17) Th subsets. IL-17 was below detection limits for this assay and is not shown in the figure. 

Median cytokine levels are shown by the black line and were compared using the Mann Whitney U test. 

Significant P values (<0.05) are boxed. 

 

 

Superantigens elicited a different pattern of cytokine responses at birth than 

conventional antigen. The high affinity binding of superantigens with MHC II and the 

TCR induces an alternate activation pathway favouring an immune response that is 

mainly inflammatory.  
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Compared to allergen-induced T-cell responses, superantigen responses did not differ 

between the groups with the exception of IL-13 (p=0.02), which was reduced in the 

allergic group. The discrepancy between the neonatal response to antigens, which 

appears to be reduced, and superantigen responses, which are mostly intact, might 

suggest a defect associated with transduction of the activation signals provided by 

conventional antigen binding, since these stimuli utilize different T-cell signalling 

pathways. 

 

Figure 4.2 Cytokine production from allergic and non-allergic CBMC in response to staphylococcus 

enterotoxin B. A panel of allergic and non-allergic CBMC was cultured in the presence or absence of 

SEB for 48hrs, and culture supernatants were assayed for cytokine production using a multiplexed 

Luminex assay. A standard panel of cytokines was chosen to represent Th1 (IFN- ), Th2 (IL-13, IL-5), 

Treg (IL-10) and Th17 (IL-17) Th subsets. Median cytokine levels are shown by the black line and were 

compared using the Mann Whitney U test. Significant P values (<0.05) are boxed.  
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The attenuation of neonatal T-cell responses to allergens observed at birth in the allergic 

group has been documented before (311), and is believed to reflect a maturational 

defect in the T-cell compartment specific to atopic individuals. This maturational defect 

has consequences for the development of postnatal T-cell immunity and is associated 

with an increased risk for the development of allergic disease (289). The precise nature 

of this purported immunological defect is undefined. 

4.1.2 Reduced Proliferative Capacity is a Feature of T-cell Responses in Children 

with Food Allergy. 

Superantigen binding occurs first on the MHC II and then coordinates to the V  chain 

of the TCR, and is therefore dependent on accessory cells. To gain a clearer 

understanding of the functionality of TCR signalling in allergics and non-allergics, the 

proliferative capacity of cord blood T-cells to respond to anti-CD3 stimulation was 

assessed.  

 

CBMC from five donors from the food allergic group, and five donors from the non-

allergic group, were cultured in the presence or absence of anti-CD3 and IL-2, or OVA, 

for 48 hours before the addition of radioactive thymidine. After 16 hours in the presence 

of thymidine, cells were immobilized on glass fibre filter paper and incorporated 

thymidine was measured on a beta-counter.  

 

As illustrated below, T-cells from the allergic group displayed a markedly reduced 

capacity to proliferate under polyclonal activation, suggesting a higher activation 

requirement in these cells to achieve a response. A trend toward reduced proliferative 

capacity to stimulation by OVA was also noted in the allergic group, however, of the 

five donors in each group, only two responded by activation to OVA in the non-allergic 

group, and three responded in the allergic group. 
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Figure 4.3- T-cell proliferation assay from allergic and non-allergic cord blood. Cord blood cells 

were cultured in the presence/absence of aCD3/IL-2 or OVA for 48 hours and proliferative capacity was 

measured by the incorporation of radioactive thymidine. 

 

The difference in the proliferative responses between allergic and non-allergic samples 

indicates the efficiency of clonal expansion of T-cells is reduced in allergic children 

relative to controls. By extension, this would be a limiting step in the postnatal 

maturation of T-cell functions.  

4.1.3 Th2 Skewed Neonatal Immunity to Allergens but Not Superantigens 

It is well known that neonatal immunity is characterized by immature Th1 (IFN- ) 

function and dominant Th2 (IL-13/IL-5) activity, although this has mostly been studied 

for allergen responses. To assess the quality of neonatal responses in this population, 

Th1 and Th2 responses were compared for allergens and superantigens in the total 

cohort.  

 

Cord blood allergen specific cytokine responses to ovalbumin showed a Th2-skewed 

profile characterized by a significantly higher production of Th2 (IL-13) relative to Th1 

(IFN- ) cytokine production, although it was noted that this did not reach significance 

for IL-5 (Figure 4.4A).  
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IFN-  (Th1) responses to superantigen stimulation were high at this age in all 

individuals (Figure 4.4B). Superantigen responses preferentially focus on the action of 

Th1 cells. In contrast to OVA induced responses, superantigen responses were Th1-

skewed for both IFN- /IL-13 and IFN- /IL-5 suggesting not all aspects of the T-cell 

compartment are primed for Th2 immunity.  

 

 

 

 
 

 
Figure 4.4 Production of IFN , IL-13 and IL3 in response to ovalbumin and staphylococcus 

enterotoxin B. Cord blood cytokine responses in the total population were assessed for Th2-skewing by 

comparing Th1 (IFN- ) cytokine production to levels of Th2 (IL-13/IL-5) responses in both allergen and 

superantigen cultures. Graphs are presented as median cytokine levels with interquartile range. Total 

cytokine production was compared using the Mann Whitney U test. Significant P values (<0.05) are 

boxed. A: OVA responses B: SEB responses. 

 

We found no evidence of any differences in the skewing of these T-cell cytokine 

profiles when assessed by phenotype, suggesting the ratio of Th1 to Th2 subsets was 

preserved between the phenotypes (data not shown). This might suggest the reduced 

capacity to synthesize Th1 and Th2 cytokines to specific allergen in the allergic group 

may not reflect a baseline difference in the heterogeneity of T-cell subsets, rather a 

defect associated with T-cell function. 
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In summary, the principle findings from these preliminary studies of neonatal cellular 

immunity are as follows. It is clear that at birth, allergen-specific immune responses, 

rather than superantigen responses, are more relevant to the effects of the clinical 

phenotype. The main features discriminating the immune response between phenotypes 

is the reduced capacity to clonally expand after TCR activation and the reduced ability 

to synthesize an array of cytokines in response to conventional antigen binding. These 

observations suggest that aspects of the initial activation process, or perhaps down-

stream elements specific to cellular growth and expansion, are defective in neonatal T-

cells from children with food allergy. To further investigate the mechanisms that might 

be altered in the T-cell activation program, we isolated CD4+ T-cells after treatment 

with anti-CD3 and IL-2 for gene profiling.  
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4.1.4 Characterization of the Transcriptional CD4+ T-cell Activation Response in 

all Individuals 

This section investigates in detail, the early phase T-cell activation response in order to 

identify aspects of this response that are associated with functional differences reported 

in the previous section. In the present study microarray technology is employed to 

characterize the genes expressed during this activation response.  

 

In order to study the transcriptional pathways underlying these differences in T-cell 

function, CBMC (n=30 allergics, n=30 non-allergics) were cultured in the presence or 

absence of anti-CD3 and IL-2 for 24hrs before purification of CD4+ T-cells and 

harvesting of mRNA for microarray profiling.  

 

To maximise the number of individuals in the microarray experiment, and since sample 

availablility was low, mRNA samples from each donor were pooled prior to 

hybridization on the microarray. The pooling strategy was devised as follows: for each 

group (n=30 allergic; n=30 non-allergic) five pooled RNA samples were created (FA1, 

FA2, FA3, FA4, FA5, food allergy group) (NA1, NA2, NA3, NA4, NA5, non-allergic 

goup). mRNA material from n=6 individuals comprised one pool. Therefore, n=5 pools 

x 6 individuals = 30 donors per group.  Each donor contributed equal amounts of 

mRNA to the pool, and each pool was independent, meaning donors were not 

replicated. This is a valid strategy to survey gene expression across many individuals, 

and anticipated to be sufficiently powered to accommodate biological variability. 

 

The quality of the microarray data was assessed using QC metrics in the expression 

console software, and sample clustering was performed to detect outliers (Appendix 1). 

The data quality was high with no evidence of any outlying chips. Affymetrix .CEL 

files were pre-processed in expression console using a custom algorithm with 

parameters PM-GCBG background subtraction, sketch-quantile normalization and 

iterPLIER summarization (as validated in Chapter 3.0). Pre-processed data were 

imported into the R statistical environment for high-level analysis. Data were variance 

stabilized by adding a small constant 16 to all data points, followed by log2 

transformation. 
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The first stage of high-level analysis of the microarray data involves identifying the 

anti-CD3-responsive genes. An empirical Bayes statistical procedure was used to 

identify genes significantly modulated in CD3-stimulated vs unstimulated cells in the 

total population. To identify these genes, a moderated t test was employed (312) to 

compare stimulated vs unstimulated (background) samples. The p values derived from 

the moderated t test are adjusted to control the false discovery rate (FDR) (313).  

 

CD3 responsive genes were identified by average fold change > 1.5 above background, 

and FDR (313) adjusted p value <0.05. Using this approach, a total of 3,332 genes were 

modulated after T-cell activation indicating substantial ‘reprogramming’ of the cell 

during the acute-phase response. 

 

To visualize the genes invoked in the TCR activation program, a volcano plot was 

constructed, which ranks genes according to the moderated t test statistic for 

significance above background, and by fold change (Fig 4.5). 

 

Figure 4.5 – Microarray analysis of the CD4+ T-cell activation response. Background corrected gene 

expression levels in all samples were compared employing a moderated t test (312). The data were 

visualized on a volcano plot that shows the value of the test statistic (y-axis) by fold change on the log2 

scale (x-axis). The gates shown here are visual guides and do not reflect a cut-off for significance. 
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4.1.5 Bioinformatics of the T-cell Activation Response 

Bioinformatics analysis was performed on the list of ranked genes to identify biological 

themes within the data. The gene list was enriched for gene ontology (GO terms) using 

the GOrilla bioinformatics tool http://cbl-gorilla.cs.technion.ac.il/. This procedure 

essentially annotates and organizes the gene list into gene ontologies that are 

(significantly) enriched in the TCR activation response. Gene ontology (GO) is a 

controlled vocabulary of defined terms representing gene functions. The GOrilla tool 

uses a hypergeometric statistical model to find statistically significant associations 

between the GO terms vocabulary, and the microarray data. The results are organized 

into a hierarchical output which is colour coded according to the significance of 

detection (P<10
-3

). Figure 4.6 shows the results of the GOrilla analysis.  

http://cbl-gorilla.cs.technion.ac.il/
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Figure 4.6- Molecular functions enriched in the TCR activation response. Genes identified as significantly modulated in CD3 stimulated versus 

unstimulated samples were identified by t test and enriched for molecular functions using the GOrilla software. Hierarchy of enriched ontology terms 

is show, along with a colour scale for significance (red, highly significant). 
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Discovery of enriched molecular functions within the data set reveals that the 

transcriptional program is highly enriched for receptor binding and cytokine activity, 

chemokine activity and TNF receptor binding, IL-2 receptor activity as well as 

nucleoside phosphatase activity, DNA binding and polymerase activity, providing a 

high level of confidence that the microarray data is biologically meaningful (Figure 

4.6). To further characterize the 3,332 TCR responsive genes into discreet signalling 

components in the activated T-cell response, clustering algorithms were employed to 

identify patterns in the data set. 

4.1.6 Clustering Algorithms and Principle Component Analysis – Identifying 

Structure within the Data 

Explorative approaches to microarray analysis typically include clustering techniques 

for identifying structure within the data. Since microarray data sets contain a high level 

of dimensionality, data mining techniques operate in a scenario where the relationship 

between objects is used to group similar objects together. The underlying assumption in 

all these techniques is that objects (genes) that are similar (in terms of expression) are 

related to each other, and are likely to be involved in the same pathway/process.   

 

The data set was centred and scaled, and principle component analysis (PCA) was 

employed to obtain very broad overview of the main structural patterns within TCR 

activation response. PCA is a data reduction technique that can be thought of as 

revealing the internal structure within the data in a way that best explains the variance. 

Essentially the variables (genes) in the data set are transformed and correlated with each 

other in such a way that it identifies the most important gradients. The variables in the 

data set were distributed along these gradients and the results were visualized on a 3d 

scatterplot. Two main gradients are visible in the data (Figure 4.7 A), which can broadly 

be described as genes up regulated and genes down regulated. 

 

Next clustering was used to group genes together according to similarity of expression. 

Agglomerative hierarchical clustering was performed on the Pearson’s correlation 

coefficient calculated for each gene in the filtered data set, using the complete linkage 

method implemented in the cluster package (www.bioconductor.org). Clusters were 

resolved by the Dynamic Tree Cut method of Horvath 

(www.genetics.ucla.edu/labs/horvarth/CoexpressionNetwork/BranchCutting). Genes were 

partitioned into colour-coded clusters and the data was represented on a heatmap below. 

http://www.bioconductor.org/
http://www.genetics.ucla.edu/labs/horvarth/CoexpressionNetwork/BranchCutting
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Figure 4.7- Clustering of the T-cell activation response. (A) Principal component analysis on the 

centred and scaled data set reveals two main gradients indicated as distinct clouds. (B) Hierarchical 

clustering of genes and cluster assignment. (C) Heatmap of clustered gene expression profiles. Genes are 

represented as rows, samples as columns. Cells are colorized according to expression (red, down; green, 

up).   

 

PCA clearly indicates two primary structures within the dataset (A), which the heatmap 

broadly indicates are genes up regulated, and genes down regulated in the primary 

response. The clustering algorithm has easily identified these two primary clusters, 

indicated as the two main branches in the dendrogram tree (B). Twelve clusters in total 

were identified by the agglomerative hierarchical method. These clusters were 

significantly enriched for genes with similar functions. GO enrichment was performed 

on each cluster using the GOrilla online tool using the default parameters (P<10
-3

) to 

identify gene processes and functions and the results are summarized in the text below 

and listed in Table 4.1.  

 

A detailed look at the clustering results revealed the following: There are 3 clusters of 

genes colour-coded turquoise, yellow and blue, which play a distinct role in the co-

ordination of TCR activity, whilst the remaining gene clusters control in cell-cycle 

progression, metabolism, energy transfer and the synthesis of DNA. Table 4.1 provides 

a detailed breakdown and a description is provided overleaf. 
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Table 4.1- Gene clusters in the normal T-cell activation response. The table is 

divided according to the two main clusters in the dendrogram tree (Fig 4.4). 
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Genes involved in coordinating TCR activity (Turquoise, yellow, blue clusters). 

Genes in the Turquoise cluster were both up and down regulated, and participate in 

MHC binding, IL-2R activity, the regulation of IL-10 and the transduction of activation 

signals. Also present in this cluster were genes involved in DNA replication and cell 

cycle control and chemokine signalling (Table 4.1). Notable members include the IL-

2RA, IL-2RB, CD69, which are activation markers, IL-10 and FOXP3 which are 

homeostatic, and members of the TNF receptor superfamily that regulate interactions 

between DC and T cells.  

 

The yellow cluster was enriched for genes involved in the defence response, regulation 

of immunity, G-protein signal transduction activity and cytokine production. These 

genes clustered with the IL-4R (up-regulated after activation) and included the co-

stimulatory molecule CD80, CD180 a pathogen recognition receptor that, together with 

toll-like receptor 1 (TLR1) and TLR8, were down regulated. Also present in this cluster 

were various CC family chemokine receptors that contribute to the positioning of 

activated T cells within the antigenic challenge sites of specialized lymphoid areas 

(Table 4.1).  

 

The blue cluster was enriched for genes involved in signal transduction activity and 

regulation of the immune response. Included were members of the TNF-receptor 

superfamily including CD40, which has a role in mediating T cell-dependent Ig- class 

switching and TNF-receptor superfamily 1  (TNFRSF1A), which is a regulator of 

inflammation. Mitogen-activated protein kinases (MAPK) and serine/threonine kinases 

were found in the blue cluster, together with IL-13RA and IFNGR. TLR4 was found 

here and was also down regulated after TCR activation (Table 4.1). 

 

IFNG was localized to the tan cluster, a solitary cluster consisting of only 52 genes and 

was co-expressed with IRF1 (interferon regulatory factor 1), IL1A and IL15RA, a gene 

reported to enhance cell proliferation and survival.  

 

 

 

 

 

 



 95 

Remaining clusters described in brief. 

Other clusters contained genes for generic cellular functions such as DNA replication, 

repair and remodelling (Magenta, Black, Brown), energy transfer for cell division and 

replication (Greenyelllow), small molecule metabolism of compounds such as amino 

acids and fatty acids (Purple) and regulation of macromolecular structures such as 

protein metabolism (Red).  

 

To summarize, the clustering and principal component analysis demonstrate that the 

TCR activation response consists of dedicated gene sets with specific functions related 

to the activity of the receptor. These genes transmit activation signals in a step-wise 

manner via secondary messengers to coordinate cell proliferation, survival, and the 

synthesis of cytokines and chemokines involved in immune defence. Accompanying 

this response is a gamete of genes that regulate generic cell functions such as growth, 

replication and metabolism. In the following section, this response is compared between 

the allergic and non-allergic groups to identify differences in the molecular pathways 

detailed here, associated with the risk of food allergy.  
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4.1.7 Differential Expression Analysis of the T-cell Activation Response Between 

Allergic and Non-Allergic groups 

Having identified the activated T-cell response by microarray, and mapped the 

regulatory elements of the transcriptional program with clustering, our next goal was to 

identify differentially expressed genes between the allergic and non-allergic 

phenotypes. Utilizing the moderated t test as before, genes significantly modulated in 

CD3-stimulated vs unstimulated cells from allergics and non-allergics were identified as 

previous (average fold change > 1.5 and FDR (313) adjusted p value <0.05 by 

moderated t test (312)).  

 

Paired comparisons of CD3-stimulated to unstimulated T-helper cells indicate 2,415 

genes were modulated CD4+ cells from the allergic group, and 3,174 were modulated 

by non-allergics, indicating a reduced overall response in the allergic group. The top 

60 genes mobilized during the TCR activation response are shown below. 

 

Table 4.2- Numbers of genes mobilized in the CD3 response. Top 60 genes in 

allergics and non-allergics. 
 Non-allergic Allergic  

CD3 responsive 3174 2415  

Upregulated 2158 1576  

Downregulated 1016 841  
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To identify differentially expressed genes in the response profiles of allergic and non-

allergic donors, the gene lists identified above were compared between phenotypes 

using the significance analysis of microarray test (SAM test) (314). The SAM test 

compares the test statistic (S-statistic) to a null distribution generated by permutation of 

the data. This avoids any assumptions that the errors in the data are normally distributed 

and provides robust estimates of the gene-wise FDR. A tuning parameter ( ) is set by 

the user to control the median FDR, and a representation of the test is shown in Figure 

4.8. The heatmap represents the anti-CD3 modulated gene list from allergics and non-

allergics, which are compared across samples in the SAM test. Only 50 genes are shown 

in the heatmap for visual purposes only. Each gene in the test is distributed along the 

SAM plot according to its observed score versus expected score under the null 

hypothesis.   

 

Figure 4.8- Results of SAM test for differentially expressed genes in pooled allergics and non-

allergic samples. The rows of the heatmap represent genes, the columns represent pooled RNA samples 

hybridized to microarray. Cells are colorized by level of expression. The SAM plot shows the observed 

by expected distribution of the gene test scores. Highly significant genes will deviate from their expected 

value and thus appear as a bend in the plot. The SAM test has identified 11 genes that may be 

differentially expressed, with 4.95 expected to be false positives.  
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As expected, many of the CD3-modulated genes were common to both allergic and 

non-allergic groups, however the SAM test identified a total of 11 genes that differed in 

their expression profiles after adjusting for multiple testing (Table 4.3). As illustrated in 

the heatmap, the expression of these genes was reduced in the allergic group.  

 

Table 4.3- Annotation of 11 genes identified by SAM analysis as differentially 

expressed in children with food allergy. 
 

 

 

The q-value in the table above represents the false discovery rate. The q-value indicates 

that at this selected delta value ( ), 11 genes were called with nearly 40% expected to be 

false positives. Applying a more stringent delta value to reduce the number of false 

positives resulted in no genes being called. Given the potentially high chance of false 

positives, we selected RGS1 and PTGS2 for further analysis, because the value of the S-

statistic for differential expression was highest for these genes, they were most likely to 

validate by independent assessment using qRT-PCR.  

 

qRT-PCR was performed on the pooled RNA samples (from which the microarray data 

were derived) to validate the signal coming from the microarray. As shown in Figure 

4.9, the SAMR analysis correctly called these genes differentially expressed in the 

pooled samples (p value = Mann Whintey test).  
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Figure 4.9 – qRT-PCR analysis of pooled RNA samples from allergic and non-allergics. Data is 

presented as gene expression above background. P value by Man Whitney U test.  

 

We proposed to validate these markers at the individual level by qRT-PCR. As there 

was insufficient RNA remaining to make cDNA for every individual after pooling of 

samples for microarray, qRT-PCR validation was carried out on the remaining n=20 

non-allergics and n=18 allergics. 

 

As shown in figure 4.10, the trend for reduced gene expression in the allergic group was 

apparent by qRT-PCR, although it was not significantly different between the 

phenotypes (by Man-Whitney U test). There was relative agreement between the 

microarray result and the qRT-PCR result; however we also observed much more 

variability between individuals by qRT-PCR. It is possible this may be due to the 

reduced sample size available for qRT-PCR (n=20 non-allergics, n=18 allergics), and 

suggests the differences in gene expression are probably small. 

 
 
Figure 4.10 – qRT-PCR of genes identified by SAMR as differentially expressed in individual 

samples. Data is presented as gene expression levels above background. Statistical analysis performed by 

Mann-Whitney U test. 
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To improve the power to identify additional candidate genes, we proceeded with a gene 

sets analysis for two reasons: 1) We were more interested in pathways that are 

differentially expressed as these are more interesting from a regulatory point of view, 

and: 2) Gene sets analysis is more powerful than significance analysis as explained 

below. 

4.1.8 Gene Sets Enrichment Analysis. 

In order to further characterize differentially expressed genes into molecular pathways 

that may be altered in the T-cell transcriptional response, a gene sets enrichment 

analysis was employed to identify groups of genes that may be differentially expressed. 

The gene sets enrichment analysis (GSEA) was originally proposed by Subramanian et 

al (2005) (315) and is a powerful analytical method for interpreting gene expression 

data. The method involves testing the significance of pre-defined gene-sets rather than 

individual genes, which are defined according to biological function, similarity of 

expression or chromosomal location. By borrowing strength across gene-sets, there is 

the potential for increased statistical power.  

 

Here we employed a variant of the GSEA test, called GSA which computes a summary 

statistic for each gene in a gene-set, and utilizes a maxmean statistic to summarize the 

total gene-set score (316). The use of a randomized and permutations based model to 

estimate the null distribution has the potential to lend increased statistical power. The 

permutation values are used to estimate p-values and as usual the FDR is controlled.  

 

We tested for differential expression of the c2 gene-sets collection curated from 

publications in PubMed and hosted on the GSEA website by the BROAD institute 

(www.broadinstitute.org/gsea/msigdb/index.jsp). The GSA test identified the following 

differentially expressed pathways summarized in Table 4.4. 

http://www.broadinstitute.org/gsea/msigdb/index.jsp
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Table 4.4- Differentially expressed gene sets identified by the GSA test. 

Geneset 

ref 

number 

Geneset Description score p-value FDR 

1538 Genes involved in TNF-NF B signaling 1.0551 <0.01 <0.01 

420 G-alpha 13 Signaling 0.4268 <0.01 <0.01 

1357 Type I Interferon genes 0.5152 <0.01 <0.01 

861 TNF-dependent, NFK B-dependent genes 0.7097 <0.01 <0.01 

532 IL-6 pathway 0.475 <0.01 <0.01 

882 C/EBP induced early response genes 0.5895 <0.01 <0.01 

936 Notch signaling in cell differentiation 0.3056 <0.01 <0.01 

524 TNF-responsive genes 0.8494 <0.01 <0.01 

 

The GSA test indicates these gene pathways were down regulated in the allergic group 

and this is shown in Figure 4.11, which represents the genes in the top geneset (#1538).  

 

 

Figure 4.11. – Geneset enrichment analysis identifies pathways that are differentially expressed in 

the allergic group. The heatmap represents the top geneset listed in Table 4.x [1538]. Cells are colorized 

according to level of expression (red; down regulated). The heatmap indicates that genes involved in 

TNF-NFk  signaling are reduced in the allergic group.  
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Interpreting the gene-sets analysis required a close look at the participating genes in the 

each set listed in Table 4.4. The gene-set collections are complied from other 

microarray studies, and so not all of the genes in these sets were relevant to the present 

experiment. Therefore, the genes in each set were ignored if they did not also appear in 

the list of anti-CD3 genes previously identified (section 4.1.7). Next, the gene scores 

were computed for each individual gene in the sets listed in Table 4.4. These scores 

were used to rank the genes in each set. As indicated in the table below, several of the 

NFKB genes were common to many of the gene sets identified as down regulated in the 

allergic group (Table 4.5). As these genes were top-ranked in their respective sets, they 

were likely to be differentially expressed.  

 

Table 4.5 – Candidate genes identified by GSA and relevant to the TCR activation 

response. 

 

 

 

 

These candidates listed in Table 4.5 were therefore selected for pathways validation by 

qRT-PCR on individual RNA samples from allergic and non-allergics. A summary of 

the statistical analysis performed on the qPCR gene expression measurements is shown 

in Table 4.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 103 

Table 4.6- Summary of statistical analysis performed on qRT-PCR data. Data is 

presented as ranks of sum results of Man-Whitney U test. Significant P values are 

indicated in bold. 

 

 

 

RELB, NFKB2, LIF and FAS were significantly down regulated in the allergic group 

and validated by qRT-PCR. There was a notable trend for down regulation for most of 

these genes, which approached statistical significance for NFKB2, NFKB1A and CD83. 

qRT-PCR data from individual mRNA samples is represented graphically in Figure 

4.12. 
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Figure 4.12 – qRT-PCR validation of genes in individual mRNA samples. Data is presented as gene 

expression levels above background normalized to the housekeeping gene UBE2D2. Statistical analysis 

by Mann-Whitney U . 
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To summarize, qRT-PCR analysis of individual RNA samples from allergics and non-

allergics revealed that the genes RELB, NFKB2, LIF and FAS were significantly 

reduced in neonatal T-cells from the allergic group.  

 

RELB and NFKB2 are both members of the larger NK- B protein complex that plays 

an important role T-cell signal transduction and cellular survival through the 

enhancement of IL-2. The RelB protein is a class II member of the five protein family, 

whilst NF- B2 (also known as p52) is a class I molecule. FAS is a member of the TNF-

receptor superfamily and has also been shown to activate NF- B for transducing 

proliferation signals in T-cells. LIF is a pleiotropic cytokine involved in hematopoetic 

differentiation, and is expressed by many cell types, and postulated to play a role in 

immune tolerance at the maternal-foetal interface [provided by Refseq]. 

 

Several genes in these pathways were not identified as differentially expressed in the 

present experiment, but were consistently down regulated when assessed by qRT-PCR. 

Molecular pathways propagate their effects in a time-dependent manner and therefore it 

is not surprising that not all genes were significantly different at this one time-point.  

 

Despite this it was reasoned that the combined effect of many small perturbations in 

gene expression, such as observed in these genes is likely to be of some importance 

from a biological point of view. To illustrate this point, the qRT-PCR data for the 

down-trending, but non-significant genes from allergics and non-allergics were input 

into the ‘globaltest’ package in the ‘R’ statistical environment. This test is specifically 

designed to assess whether a group of covariates is associated with the response 

variable (phenotype). The null hypothesis is that none of the gene expression 

measurements from the allergic and non-allergic groups are associated with the 

outcome. The test is a parametrization model that estimates the distribution of test 

scores by permuting the class labels, and adjusts for multiple testing.  

 

The results of the global test indicate a significant effect caused by the consistent down-

regulation of these genes in the allergic group (figure 4.13). This demonstration is 

purely statistically based, and suggests an in-principle association between reduced 

expression of these genes and the allergic phenotype. 
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Figure 4.13 – Globaltest of a gene set consisting of qRT-PCR data from non-significant genes in the 

TNF-NF B pathway. The bar graph shows the relative influence of each gene on the outcome 

measurement. Standard deviations are indicated as lines on the bar plot. The histogram shows the 

distribution of test scores under the null hypothesis and indicates the observed value of the test statistic.  

 

4.1.9 Conclusions of Neonatal T-cell Studies 

The principle findings from the microarray analysis are as follows. The expression of 

several genes including RELB, NFKB2 and FAS, which are involved in the formation 

of the NF- B complex during T-cell activation, are significantly down regulated in 

neonatal T-cells from children who subsequently develop food allergy. The NF- B 

complex is induced after T-cell activation (317), and translocates to the nucleus, binding 

to the IL-2 gene promoter region, and therefore plays a role in coordinating TCR-

dependent signals with the transcription of IL-2, and other genes important for 

proliferation and cell survival. The functional data collected in section 4.1 supports this. 

The reduced ability to proliferate in response to anti-CD3 stimulation was a defining 

feature of the allergic group and would suggest a defect in IL-2 mechanisms. Therefore 

it is likely that the differences in T-cell immunity documented in section 4.1 are 

associated with defects in the initial TCR activation process surrounding the induction 

of the NF- B complex and the coupling to IL-2. The efficiency of clonal expansion is 

one of the rate-limiting steps in memory cell generation, and therefore these deficiencies 

in T-cell function may have consequences for the postnatal development of T-cell 

subsets. In the following section, we repeated these experiments in the same cohort at 

12-months and identified several differences in postnatal T-cell immunity during the 

manifestation of clinical food allergy. 
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4.2- Postnatal Studies of T-cell Immunity 

In the previous section we identified several genes associated with TCR activation that 

were differentially expressed at birth, in CD4+ T-cells from children who subsequently 

develop food allergy. In this follow-up study, we examined peripheral blood immune 

responses from the same children and profiled the CD4+ T-cell by microarray using the 

same techniques. Primarily we were interested in how the T-cell response changes with 

age, as the clinical phenotype is established, and how aberrations in T-cell signalling at 

birth manifest in infancy.  

 

As in the studies on neonatal immunity, peripheral blood immune responses to a 

restricted panel of allergens (OVA and HDM) and superantigens (SEB) provide a read-

out of functional immunity. At this age (12-months) the immune responses to specific 

allergen measured here are memory responses. The frequency of T-cell reactive clones 

at this age was anticipated to be low (297) and therefore the magnitude of the recall 

response was similarly low.  

4.2.1 Increased Th1 and Th2 Cytokine Production to Allergens, but Normal 

Superantigen Responses in Infants with Food Allergy 

To investigate cellular immunity at 12-months in this cohort, the same panel of food 

allergic (n=17) and non-allergic infants (n=17) cultured alone or in the presence of 

OVA, HDM and SEB for 48h. At termination of the cultures, supernatants were assayed 

for functional cytokine production.  

 

In this population, clinical reactivity to food allergens was associated with heightened 

Th2 and Th1 (mixed Th0) responses to both ingested and inhaled allergens (figure 4.14 

and figure 4.15). These differences in cytokine production reflect a higher proportion of 

responders in the allergic group. Similar findings have been noted in previous studies of 

egg-allergic children using comparable techniques (32). IL-10 responses were similar in 

allergic and non-allergic children at this age, and there were no detectable differences in 

inflammatory TNF-  production. Levels of IL-17 production were low but measurable 

at this age; but no between groups comparisons were made as responses were outside 

the reliable range of the standard curve (10 000 – 3pg/mL).  
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Figure 4.14 Cytokine production from allergic and non-allergic PBMC in response to dietary 

antigen. A panel of allergic and non-allergic CBMC was cultured in the presence or absence of OVA for 

48hrs, and culture supernatants were assayed for cytokine production using a multiplexed Luminex assay. 

A standard panel of cytokines was chosen to represent Th1 (IFN- ), Th2 (IL-13, IL-5), Treg (IL-10) and 

Th17 (IL-17) Th subsets. Median cytokine levels are shown by the black line and were compared using 

the Mann Whitney U test. Significant P values (<0.05) are boxed. 

 

 



 109 

 

Figure 4.15 Cytokine production from allergic and non-allergic PBMC in response to inhalant 

antigen. A panel of allergic and non-allergic CBMC was cultured in the presence or absence of HDM for 

48hrs, and culture supernatants were assayed for cytokine production using a multiplexed Luminex assay. 

A standard panel of cytokines was chosen to represent Th1 (IFN- ), Th2 (IL-13, IL-5), Treg (IL-10) and 

Th17 (IL-17) Th subsets. Median cytokine levels are shown by the black line and were compared using 

the Mann Whitney U test. Significant P values (<0.05) are boxed. 
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Superantigen responses were not different between the groups for any of the cytokines 

measured (figure 4.16).  

 

 

Figure 4.16 Cytokine production from allergic and non-allergic PBMC in response to 

staphylococcus enterotoxin B. A panel of allergic and non-allergic CBMC was cultured in the presence 

or absence of SEB for 48hrs, and culture supernatants were assayed for cytokine production using a 

multiplexed Luminex assay. A standard panel of cytokines was chosen to represent Th1 (IFN- ), Th2 (IL-

13, IL-5), Treg (IL-10) and Th17 (IL-17) Th subsets. Median cytokine levels are shown by the black line 

and were compared using the Mann Whitney U test. Significant P values (<0.05) are boxed.  
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In the present experiments, allergen-specific responses were measureable in a higher 

proportion of allergic children at this age. These immune responses comprised of both 

Th1 and Th2 cytokines, which was a consistent pattern for OVA and HDM allergens. 

Whether this mixed (Th0) cytokine profile reflects differences in allergen-specific Th1 

and Th2 cells, or whether these responses come from the same cell is unknown. The 

more frequent allergen-specific memory responses observed in children with food 

allergy suggests abnormal mechanisms of tolerance. Whether this might to the 

differences in neonatal T-cell function described in section 4.1 is not known. To further 

investigate TCR signalling in the postnatal period, gene profiling was carried out on 

purified populations of CD4+ T-cells from allergics and non-allergics following 

treatment with anti-CD3 and IL-2. 
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4.2.2 Characterization of the Transcriptional CD4+ T-cell Activation Response in 

all Individuals at 12-months 

Adopting an identical cell culture protocol as in the previous microarray study, PBMC 

(n=30 allergics, n=30 non-allergics) were cultured in the presence or absence of anti-

CD3 and IL-2 for 24hrs before purification of CD4+ T-cells and microarray profiling. 

Individual RNA samples from CD4+ T-cells were pooled according to the same 

protocol adopted in the previous section. Pooled RNA samples were hybridized to 

Affymetrix microarrays and the data quality was assessed using QC metrics in the 

expression console software, and sample clustering to detect outliers (Appendix 1).  

 

The data quality was high with no evidence of any outlying chips. Affymetrix .CEL 

files were imported into the expression console software and processed using a custom 

algorithm with parameters PM-GCBG background subtraction, sketch-quantile 

normalization and iterPLIER summarization. Pre-processed data were imported into the 

R statistical environment for high-level analysis. Data were variance stabilized by 

adding a small constant 16 to all data points, followed by log2 transformation. 

 

The empirical Bayes approach was used to identify genes significantly modulated in 

CD3-stimulated vs unstimulated cells from the total population using a moderated t test 

(312). Genes were filtered by formally testing the hypothesis that differential expression 

was greater than a given, biologically meaningful threshold (318) (average fold change 

> 1.5 and FDR (313) adjusted p value <0.05 by moderated t test (312, 318)). Genes 

mobilized in response T-cell activation in both allergic and non-allergic cords were 

visualized on a volcano plot, which ranks genes according to the moderated t test 

statistic for differential expression above unstimulated cells, and by fold change (Fig 

4.17). 
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Figure 4.17– Microarray analysis of 12-month CD3-modulated gene expression in allergic and non 

allergic infants. Background corrected gene expression levels in allergic and non allergic children were 

compared employing a moderated t test (312). The data were visualized on a volcano plot that shows the 

value of the test statistic (y-axis) by fold change on the log2 scale (x-axis). The gates shown here are 

visual guides and do not reflect a cut-off for significance. 

 

Paired comparisons of CD3-stimulated to un-stimulated T-cells in allergics and non-

allergics identified a total of 1,135 genes were modulated after T-cell activation. Of 

these genes, 886 were expressed in allergic CD4+ cells, and 1,061 were expressed by 

controls, which is consistent with a reduced molecular response also seen in neonatal 

responses from the allergic group. Interestingly, the numbers of genes expressed in 

response to polyclonal activation was substantially reduced at 12-months (1,135 vs 

3,332) compared to the same stimulation protocol in cord blood (Figure 4.18). At both 

ages we observed that the number of genes mobilized by anti-CD3 treatment was 

reduced in children with food allergy at birth and 12-months.  
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Figure 4.18 – Venn diagram of the number of genes regulated by anti-CD3 stimulation in allergic 

and non-allergic children. Paired comparisons of CD3-stimulated to un-stimulated Th cells in cord 

blood, and again at 12 month in the same population, using identical stimulation protocols. Genes were 

filtered according to the criteria (average fold change > 1.5 and FDR adjusted p value <0.05 by 

moderated t test). 

 

As before, the GOrilla bioinformatics analysis was performed on the gene list at 12 

months. The TCR activation response was enriched for the same molecular functions as 

the cord blood data set (data not shown). This was an interesting finding and led us to 

question the role of the additional genes that appear in the cord blood response, but 

which are not significantly involved in the 12-month response. This was explored 

further in the next section on developmental studies. The top 60 genes mobilized during 

the infant T-cell response are listed in Table 4.7 

 

Table 4.7 – Top 60 genes mobilized in the 12-month CD3 response in all children. 
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4.2.3 Differential Expression Analysis of the Infant CD4+ Th Cell Response 

Patterns to anti-CD3 between Allergics and Non-Allergics 

To identify genes that were differentially expressed in the T-cell activation response 

profiles of allergic and non-allergic donors, the empirical Bayes t test was used to 

compare the background-corrected response profiles in allergics and non-allergics and 

the resulting list of differentially expressed genes were ranked by test score. 

Hierarchical clustering of genes and samples was performed on the log-transformed 

data set to identify gene signatures that might discriminate the phenotype. Strikingly, 

the ranked list of differentially expressed genes partitioned into three distinct clusters, 

which enabled efficient class discrimination, and was exactly reproducible when 

clustering was performed on 50 genes, 100 genes, 200 genes or 1000 genes (Figure 

4.19).  

 

 

Figure 4.19- Cluster heatmap of the allergic and non-allergic response profiles. The rows of the 

heatmap represent genes; the columns represent pooled RNA samples hybridized to microarray. Cells are 

colorized by level of expression (red; down-regulated). Genes cluster into 3 distinct groups that 

effectively distinguish the class labels.  
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Genes from cluster 1 include signal transduction molecules involved in calcium 

signalling, Map kinase signalling, and a tyrosine kinase signalling receptor which are all 

transducers of the TCR cascade (TPD52L1, PTPRT, E2F7, PLCH1). There were also 

genes involved in electron transfer (ENOX1) and growth hormone signalling (GHR). 

Other genes identified in this cluster play a role in chromatin modification and gene 

transcription (HMGN5). Analysis of the microarray suggests these genes are reduced in 

infants with food allergy. 

 

Genes from cluster 2 include a receptor involved in the initiation of stimulatory 

cascades (LILRA2), a G-protein receptors (CHRM3), a gene that promotes local 

proliferative responses (PAPPA) and metal ion binding proteins (CPA1, TRIM43). 

These genes may be up regulated in allergic infants.  

 

Cluster 3 contains a variety of genes involved in energy transfer, metal ion binding, 

histone and DNA binding genes, as well as novel genes with unknown function. 

 

To select targets for PCR validation, we compared the differentially expressed genes 

identified above using the SAM test (314) as an independent statistical comparison. The 

results of the SAM test are illustrated in Figure 4.20. When the gene expression values 

were entered into the permutations model (SAM), which estimates the true distribution 

of test scores by permutation of the data (as opposed to Bayesian modelling around a 

hypergeometric distribution as in the moderated t test), we found we could not control 

the false discovery rate. As illustrated in the plot, SAM has identified two genes, but 

estimates that 2.19 genes will be false-positives in this test. In other words, SAM could 

not identify any genes with high confidences that were differentially expressed between 

the phenotypes, after adjusting for multiple testing.  
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Figure 4.20- Results of SAM test for differentially expressed genes in pooled allergics and 

nonallergic samples. The rows of the heatmap represent genes, the columns represent pooled RNA 

samples hybridized to microarray. Cells are colorized by level of expression. The SAM plot shows the 

observed by expected distribution of the gene test scores. Highly significant genes will deviate from their 

expected value and thus appear as a bend in the plot.  

 

LAG3 and HOMER1 were called differentially expressed by the SAM test and although 

the adjusted p-values predicted these to be false positives. HOMER1 has been described 

as a dendritic protein, which may have a role in calcium channel activity, although this 

gene has never been described in T-cell studies. LAG3 is involved in lymphocyte 

activation and binds MHC-II antigens [refeq], and was followed up by qRT-PCR on the 

chance this gene might be a false negative, due to its highly relevant role. As illustrated 

in Figure 4.21 there was no evidence of differential expression in individual RNA 

samples. 
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Figure 4.21 – qRT-PCR validation of LAG3. Data is presented as gene expressison above background 

normalized to the housekeeping gene UBE2D2. Statistical analysis performed by Man-Whintey U test.

  

This posed a conceptually difficult problem. The moderated t test suggested there were 

distinct differences on the chip, but the permutations test suggested otherwise. It was 

not appropriate to ignore the evidence supporting the null hypothesis, which was that 

there were no differences in the response profiles at 12-months between phenotypes. 

This suggested that the biological differences between these populations were very 

small, or that experimental approach was insufficiently powered to identify candidates 

with high confidence. The gene sets test was therefore employed to improve the power 

to detect small differences in gene expression. The GSA test returned 6 gene sets which 

are predicted to contain genes that are differentially expressed, listed in the table below. 

 

 

Table 4.8 – Gene sets analysis of 12m microarray data 

 

 

Once again the gene sets test was more powerful than the SAMR approach and called 6 

genes sets differentially expressed. The genes were ranked in each set in order of their 

gene scores, and the expression of the top ranked genes in each set were plotted in 

directly from the pre-processed microarray data to find additional candidates. An 

additional 5 candidate genes were identified from the GSA analysis (Figure 4.22). 
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Figure 4.22 – Genes identified by GSA as 

potentially differentially expressed. Each 

point represents the probe-set expression 

from a microarray chip, and is presented as 

background corrected. Statistical analysis 

was performed on raw probe-set expression 

by Mann U test. 

Further investigation revealed that several alternatively spliced isoforms exist for 

TPD52L1 and GEFT, meaning it is unknown which isoforms were detected on the 

array, and therefore these targets were not pursued. GALNTL2 is a component of the 

golgi apparatus and involved in sugar binding [PubGene]. COL3A encodes the alpha 

chain of type III collagen, whilst the DUSP7 gene is a regulator of MAP kinase family 

members and may play an important role in T-cell signal transduction. Validation by 

qRT-PCR was attempted for DUSP7 and the data is illustrated in Figure 4.23.  
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Figure 4.23- Validation workflow for the DUSP7 assay. The figure illustrates difficulties with target 

validation for particular gene assays, which was a recurring problem. (A) Probeset expression of the 

DUSP7 gene detected by microarray on pooled RNA samples. (B) PCR detection of DUSP7 on pooled 

RNA samples used on the microarray. (C) PCR detection in individual samples with PCR QC included. 

 

As illustrated in Figure 4.23, it was not uncommon to encounter difficulties validating 

certain targets called ‘differentially expressed’ by the microarray analysis. In Figure 

4.23A, the probeset expression profiles of DUSP7 were plotted from the pre-processed 

microarray data. These values are derived from pooled RNA samples that were 

hybridization to the array. In Figure 4.23B, qRT-PCR was performed on the pooled 

RNA samples that underwent the labelling and hybridization to the array. The 

discrepancy between A and B suggests the variability between pooled samples in the 

allergic group were under-represented on the array. Another possibility is that the PCR 

results have artificially inflated this variability in the allergic group. 

 

In 4.23C, qRT-PCR was performed on the individual RNA. The quality of the PCR data 

was very good for this assay, as illustrated in the standard curve and amplification plot 

profiles. The level of variability between individuals was high, and there was no 

evidence this gene was differentially expressed. Interestingly this pattern was consistent 

for targets that were down regulated after stimulation. The reasons for this are 
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unknown, but have been encountered before by other microarray users (Dr. Kathy 

McKenna, personal communication). It is possible this may represent a limitation of the 

platform technology. 

 

I proceeded by adopting an a priori approach in which representative genes from each 

cluster identified in the initial moderated t test (Figure 4.19, section 4.2.3) were selected 

for qRT-PCR validation based on the expression profiles indicated in the heatmap. 

Using the heatmap as a guide, several targets were selected for investigated by PCR. 

 

 4.2.4 qRT-PCR Validation of Candidate Genes Selected from Microarray 

Experiments 

Metallothionein 1A (MT1A), a gene found in cluster 3 of the microarray analysis was 

found to be reduced in the allergic group (Figure 4.24). Gene ontology for MT1A 

indicates this gene has metal ion binding properties and studies in rats indicate it 

functions to reduce oxidative stress in the healthy tissues (319), and has a protective role 

against stress-induced gastric ulcers in the gut (320). Although we are unaware of 

homologous interactions in humans, in the rat model metallothionein appears to be 

induced by inflammatory TNF and IL-6 (319).  

 

 

 

 

 

 
Figure 4.24- Reduced expression of MT1A in 

children with food allergy. Data is presented as 

background-corrected gene expression normalized to 

UBE2D2. Test statistic is Man-Whitney U test. 

 

A transcript variant of Leukocyte-associated immunoglobulin-like receptor 2 (LAIR2) 

was also reduced in the allergic group. LAIR2, also called CD306 is a member of the Ig 

superfamily, identified by its similarity to LAIR1, an inhibitory receptor present on 

mononuclear leukocytes. The LAIR2 protein is thought to play a role in the regulation 

of T cell activation through its competitive interaction with ligands for the LAIR1 

receptor (321), it is secreted by CD4+ T-cells and may help modulate mucosal tolerance 

through its inhibitory effects on T-cell responses (322). The commercial assay 

purchased for the validation of this target detects both isoforms, making interpretation 
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difficult. Therefore we designed in-house assays using primer-3 software that were 

specific for each isoform, and developed these in the host-lab (Figure 4.25). 

 

Figure 4.25- Validation of the LAIR2 gene. Specific assays for each transcript variant were designed in 

the host lab. Data is presented as background-corrected gene expression normalized to the housekeeping 

gene. The allergic group had reduced expression of transcript variant 1 (TV1) (A) but similar levels of 

transcript variant 2 (TV2) (B).  

 

Unsurprisingly, many targets selected for validation in individual RNA samples in this 

section did not validate and feature selection was difficult (data not shown). This 

suggests that the effect size for differentially expressed genes in the TCR activation 

program at this age was small, or that the relevant differences in T-cell function 

pertaining to the phenotype were obscured in a polyclonal T-cell activation response. 

The latter may be a more relevant point. In a recent study by the Microarray Quality 

Control consortium (MAQC), an important finding relevant to the eventual application 

of microarray technology in clinical settings was reported (323). In a blinded study, 36 

different analyst teams were given the task of predicting gene expression signatures 

representative of a pathological condition. A variety of large data sets pertaining to 

different pathologies were analysed using all available methodologies. A central finding 

from this study was that the ability to predict endpoints is highly dependent upon the 

effect size of the pathology, for example, predictions were generally much worse for 

heterogeneous conditions such as cancers with variable genetic backgrounds than for 

toxicology samples. In complex diseases such as allergy, these effects can pose a 

significant challenge.  
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4.2.5 Conclusions of Postnatal T-cell Studies 

Differences in postnatal T-cell development between atopics and non-atopics have been 

recognized for many years (311), and associated with the development of memory Th2 

allergen-specific responses and the risk for allergic disease. In the present study, 

children with food allergy displayed excessive Th1 and Th2 recall responses to specific 

antigen (section 4.1). In parallel microarray experiments conducted at this age, we 

found very few differences in gene expression when investigating a polyclonal 

response. This finding points to a key developmental feature of allergic disease: That 

most of the differences relevant to the clinical phenotype at this age reside in the 

memory T-cell compartment. It is likely that a polyclonal response, albeit optimized to 

target (non-specific) memory T-cells, masked the relevant differences in gene 

expression, however, it was necessary to adopt a polyclonal stimulus because allergen-

reactive T-cell at this age were insufficient in quantity for purification and microarray 

profiling.  

  

Despite this, we did identify two genes that were reduced in the early phase TCR 

activation program in children with food allergy. MT1A reduces oxidative stress in the 

gut and is protective in chronic inflammatory diseases. LAIR2 is produced by T-cells 

and functions as a fine-tuner of the T-cell activation response, through competitive 

binding of the LAIR1 inhibitory receptor (322). These two genes act synergistically to 

terminate an immune response and prevent excessive T-cell activity. Extending this, a 

reduction in LAIR2, which was observed in allergics, is predicted to attenuate the T-cell 

response capacity, and this is supported by the microarray data, which demonstrated a 

reduced number of genes activated in response to anti-CD3. 

 

In the final section of this chapter, the ontogeny of functional cytokine data and 

microarray experiments performed in the neonatal period, and in infancy are analysed 

longitudinally, to identify developmental effects associated with the emerging food 

allergy phenotype.  
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4.3- Developmental Studies of T-cell Immunity 

In the previous sections we conducted comparative cross-sectional studies of T-cell 

immunity in allergic and non-allergic children and identified relevant pathways in the 

neonatal period and infancy. In the present section we analyse the ontogeny of 

developing T-cell responses longitudinally, across the period of birth to 12-months. In 

particular, we examine the role of genes that change significantly over this period, and 

identify some potentially interesting candidate genes that may be associated with 

developmental differences in T-cell function. 

4.3.1 Ontogeny of Allergen-Induced and Superantigen Cytokine Production From 

Birth to 12-months in all Individuals 

A key developmental feature of immunity in the perinatal period is the transition of the 

immune system from the immature foetal state, to the fully functional state seen later in 

childhood. A central paradigm in developmental immunology states that immunity in all 

newborns is initially characterized by minimal Th1 function and excessive Th2 activity 

(156).  

 

As indicated in Figure 4.26 allergen-specific responses for all individuals were of a 

higher magnitude at birth, and lower by twelve months, with respect to the production 

of IL-13, IL-5, IL-10 and TNF- , however, the production of (Th1) IFN-  was 

suppressed at birth, relative to these cytokines. 

 

These observations are consistent with other reported studies (158) and reflect the 

developmental transition of immune mechanisms operative in foetal life to competent 

memory responses in infancy. The suppression of IFN  responses to allergens is thought 

to reflect key protective mechanisms designed to suppress cell-mediated (Th1) 

immunity in the gestational period, conferring neonatal tolerance against foetal 

alloantigens on the placenta (177). Apart from IFN-  responses, Th2 (IL-13, IL-5), 

inflammatory (TNF- ) and regulatory (IL-10) responses to allergens were all higher at 

birth. These responses are thought to be mediated by recent thymic emigrant cells, 

which respond non-specifically in vitro, and provide the newborn with a short-lived 

burst of immunity in the absence of fully functional T-cell memory (324). T-cell 

responses at 12-months were minimal, and these responses are thought to be 

representative of memory T-cell populations which arise during the age-related turnover 
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of recent thymic emigrants to allergen-reactive precursors which are present in very low 

frequency (<0.01%) in peripheral blood.  

  

 

Figure 4.26 Comparison of allergen-specific cytokine production with age. Cytokine production to 

ovalbumin in cord blood and 12-month blood in all samples were compared. CBMC production of all 

cytokines was significantly higher in the population apart from IFN . Median cytokine levels are shown 

by the black line and were compared using the Mann Whitney U test. Significant P values (<0.05) are 

boxed. 

 

Superantigen responses developed differently with age compared to allergen-specific 

responses (Fig 4.27). Superantigens responses were mixed, with some cytokines down 

regulated with age, others trending up-wise, and some unaltered in expression from 

birth to 12-months. IL-13 and IL-10 responses did not show any relationship with age. 

In contrast, IL-17 (P<0.001) and IL-5 (P<0.001) producing-capacity both showed a 

strong association with age, which was particularly significant. This is consistent with 

observations by Smart et al (325) who studied the ontogeny of Th1 and Th2 

superantigen responses, and reported similar findings. 
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Figure 4.27 Comparison of superantigen cytokine production with age. Cytokine production to 

staphylococcus enterotoxin B in neonatal and 12-month blood in all samples were compared. 

Superantigen responses were differentially regulated with increasing age. Median cytokine levels are 

shown by the black line and were compared using the Mann Whitney U test. Significant P values (<0.05) 

are boxed. 

 

Both IFN-  and TNF-  polyclonal responses were strikingly higher in cord blood, than 

at 12 months. Higher TNF  production by macrophages at birth verses infancy has been 

reported in a previous study (93), however the finding that IFN-  responses to SEB 

were higher at birth was interesting, given that IFN-  responses to allergens were 

suppressed at this age. In fact this has been reported before in murine studies of 

neonatal tolerance. These studies indicate that the newborn is capable of mounting 

either Th1 or Th2 responses depending upon the nature and strength of the challenge, 

suggesting that neonatal “tolerization” induces immune deviation and not strict 

tolerance in the immunological sense (326, 327).  
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4.3.2 Phenotypic Comparison of the Ontogeny of Cytokine Production in Allergics 

and Non-Allergics 

To determine if the ontogeny of developing immune responses to allergens differed 

according to clinical phenotype, cytokine responses from allergics and non-allergics 

were compared from birth to 12-months. The data was log transformed for time-trend 

analysis and a small constant of 2 was added to all data points to stabilize the variance. 

To determine significant effects in the data, two-way analysis of variance (ANOVA) 

was employed with Bonferroni post-hoc tests to determine whether differences in 

cytokine production at each age were consistent for both phenotypes.  

  

Figure 4.28 shows the OVA-specific immune responses from birth to twelve months. 

As indicated in the graph, IL-5, IL-13, and IFN-  production differed between the 

phenotypes from birth to 12-months. The post-hoc tests indicate a highly significant 

increase in IL-5 production from birth to 12-months in the allergic group. This strong 

correlation between the emerging manifestations of clinical symptoms (at 12-months) 

and IL-5 production has also been reported in independent studies of children with egg 

allergy (32). 

 

There was a significant interaction between reduced IL-13 production at birth and the 

development of food allergy (Figure 4.28). There was also a clear divergence in the 

pattern of IFN-  production between the phenotypes. Together, the data indicates a 

marked difference in the developing heterogeneity of responsive T-cell populations, 

associated with the development of allergic disease.  
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Figure 4.28- Maturation of allergen-specific responses to OVA in allergic and non-allergic children 

from birth to 12-months. Data is presented as log transformed cytokine responses and the bars represent 

geometric mean with 95% CIs.  

 

4.3.3 Comparison of Age-Related Trends in TCR Activation Gene Expression 

Profiles from Allergics and Non-Allergics  

In the following experiments, the microarray data sets from neonatal studies and infant 

studies of polyclonal T-cell activation were analysed together to determine 

developmentally regulated patterns of gene expression. Genes associated with age in the 

TCR activation response were of prime interest, and comparisons were made of the 

expression profiles of these developmentally regulated genes between the clinical 

phenotypes. Since the pooling strategy adopted for microarray studies at birth and 12-

months was the same, the experiment was essentially a paired design.  
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The raw Affymetrix .CEL files from the cord blood study and the 12-month study were 

imported into expression console and pre-processed as a single data-set to reduce any 

spurious batch-effects. The data were processed using a custom algorithm with 

parameters PM-GCBG background subtraction, sketch-quantile normalization and 

iterPLIER summarization. Pre-processed data were imported into the R statistical 

environment for high-level analysis. Data were variance stabilized by adding a small 

constant 16 to all data points, followed by log2 transformation. 

 

As a quality control measure, clustering was performed on all samples in the combined 

data set. The goal of the analysis was to discriminate the age-effects within the data, and 

it was predicted the birth samples would cluster separately from the 12-month samples. 

Clustering was performed on all samples using the ‘complete linkage’ default setting in 

the ‘flashClust’ program in the ‘R’ environment. As indicated in the figure below, 

samples clustered efficiently according to both age and treatment effects (Figure 4.29). 

Four discreet clusters were observed: (1)- 12 month stimulated chips, (2)- 12 month 

unstimulated chips, (3)- cord blood unstimulated chips, (4)- cord blood stimulated 

chips. The clustering algorithm clearly indicates that by combining the neonatal and 

infant data sets, and pre-processing the data as a single unit, both age and treatment 

effects are preserved.  

 

 

Figure 4.29 – Clustering of microarray samples by gene expression levels in the combined birth and 

12-month data set. The developmental data set clustered by age as well as treatment indicating that 

much of the variance in the data can be attributed to age effects.  
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4.3.4 Data Mining and Systematic Determination of Age-Effects in the Data Set 

The next goal of the analysis was to determine the genes associated with age in the TCR 

activation response. To extract this information from the data, the empirical Bayes 

method of Smyth (312) was used. Gene expression above backgroud was determined at 

each age as before (fold change > 1.5 above background and FDR (313) adjusted p 

value <0.05), and the gene expression profiles at birth and 12-months were combined. A 

total of 3, 564 genes were identified by this method.  

 

The filtered data set contained the expression values for 3, 564 genes across samples 

collected at birth and at 12-months. To decipher age-effects in the data set, a clustering 

algorithm was employed that groups genes according to similarity in expression. Using 

this approach, genes more highly expressed at birth than 12-months will be clustered 

separately from genes more highly expressed in infancy. Several options for clustering 

were explored including hierarchical clustering, self-organizing maps, K-means and 

divisive clustering. K-means provided the best clustering results and did not over-fit the 

data, instead proving useful for identifying the main structures within the data set.  

 

The K-means algorithm was performed on the centred and scaled Pearson’s correlation 

coefficient calculated for each gene in the filtered data set using the complete linkage 

method. Samples were clustered by Spearman’s rank correlation using complete linkage 

and the data were represented on the heatmap in Figure 4.30. 
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Figure 4.30 Cluster heatmap of the combined cord blood and infant microarray datasets. Genes 

(rows) are represented by cells coloured by expression (red,down; green,up) and clustered according to 

similarity. Samples (columns) are clustered according to similarity (CB= cord blood; IFNT= infant 

sample). 

 

Cord blood and infant blood samples clustered separately according to age as indicated 

in Figure 4.30. Genes have clustered into distinct groups according to the chronological 

nature of their expression profiles. There are obvious temporal patterns consisting of 

genes that uniformly increase in expression from birth to twelve months (Blue cluster); 

genes that are uniformly down regulated after birth (Yellow cluster); and intermediary 

genes that behave irregularly across samples (Turquoise, Brown, Red and Green). Each 

cluster was significantly enriched for genes with similar functions. 

 

The Blue cluster is the second largest and represents maturing T-cell function. These 

genes are more highly expressed in infancy in the TCR activation response. Genes in 

this cluster include several cytokines and chemokines and signal transduction molecules 

such as serine/threonine protein kinases and apoptosis genes. Signalling cytokines in 

this cluster that increase in expression with age were IL-5, IL-17F, IL-17RA, IL-17RB, 

IL-9, and IL-22.  
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The activity of IL4 and the IL-4 receptor increased with age, as did IL-13 and the alpha 

chain of the IL-13 receptor (IL13RA). The IL-10 receptor alpha chain increased with 

age, but not IL-10 activity, which localized to a variable cluster (Green). The gamma 

chain of the high affinity IgE-receptor (FCER1G), a key molecule involved in allergic 

reactions increased with age. CD44 a lymphocyte activation gene and maturation 

marker increased with age, as did CD52, a member of the protein tyrosine phosphatase 

family and an essential regulator of TCR singling. The gamma chain of CD3 (CD3G) 

that forms part of the TCR complex responsible for coupling antigen recognition to 

several intracellular signal transduction pathways also increased with age. CD96 wad 

increased and is involved in activated T-cell functions during the late-phase of the 

immune response. CD55 regulates the complement cascade as was found in the blue 

cluster. We also observed CAM kinase molecules that mediate intracellular calcium 

signalling in this cluster, as well as members of the tumour necrosis factor receptor 

superfamily (TNFRSF) that regulate signals for apoptosis.   

 

Residual cell supernatants were available at the conclusion of these anti-CD3/IL-2 

treated cultures and were used to validate these findings by measuring cytokine levels 

(luminex). The Figure 4.31 confirms that IL-5, IL-13, IL-17 and IL-9 capacity increases 

with age as predicted on the microarray.  

 

 

 

 

 
  

 

 

Figure 4.31- Cytokine production in 

anti-CD3 stimulated cultures from 

birth to 12-months. Data is presented 

as background-corrected protein 

levels. Cord blood production of IL-5, 

IL-17 and IL-9 were below reliable 

detection limits for this assay 

(3pg/mL), however IL-13 production 

at birth was readily measureable. 

Production of each of these cytokines 

increased by 12-months. 
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The expression of the genes in the blue module was fairly uniform across all samples; 

therefore we did not anticipate differential expression of these genes. To confirm this 

we analysed the luminex data in Figure 4.31 by stratifying according to allergic and 

non-allergic phenotypes and found no evidence of differential expression (data not 

shown). 

 

The yellow module represents the largest cluster, and was enriched for genes that are 

more highly expressed at birth. Genes in this cluster were mostly genes that regulate cell 

division including cell cycle control genes, DNA replication, recombination and DNA 

repair genes, nucleosome and chromosomal organization genes. CD69, an early T-cell 

activation marker was higher at birth as was CD83 antigen, which is also expressed on 

activated T-cells (328). IL-2, IL-2RA and IL-2RB were also found in the yellow cluster, 

which reflects the more robust neonatal T-cell response.  

 

There were several clusters that exhibited fluctuating behaviour compared with the 

uniformity of genes in the yellow and blue groups. Of interest were the IL15 receptor 

(IL15RA), RELB, NFKB1, NFKB2, IL-12RB, FAS and IL-21 that were all localized to 

the brown cluster. Recall that RELB, NFKB2 and FAS were differentially expressed in 

the cord blood data set. FOXP3, IL-10, and the IL-21 receptor as well as several 

members of the TNFRSF were in the green cluster. FOXP3 and TNFRSF18 both play a 

role in dominant immunological self-tolerance maintained by CD4+CD25+ regulatory 

T-cells, whilst IL-10 has suppressive activity against Th1 cells and MHC class II 

antigens and co-stimulatory molecules on APC. 

 

A clear signal for immune defence and regulation of IL-6 was associated with the red 

cluster, which contained genes such as TLR8, IL-6, IL1A, and interferon induced 

proteins. Of interest was the turquoise module, a very discreet gene set generally high in 

cord blood and reduced in infant samples, but with unique behaviour. Genes in this 

cluster included TNFRSF4, which is thought to play a role in the CD4+ T-cell response 

through interactions with TRAF2 and TRAF5, which transduce NFKB signals. Also 

found here was IFNG which further supports our functional data that suggests 

superantigen IFNG responses are down-regulated shortly after birth (section 4.2).  
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To summarise, the most important finding from the clustering analysis is this: during 

the age-dependent transition of neonatal T-cells into functional T-cells in the periphery, 

there is a select category of genes that are up regulated with age in the T-cell response. 

These include among others; IL-5, IL-9, IL-17 and IL-22. The increased expression of 

these genes measured at 12-months might suggest a higher proportion of memory Th2 

cells persistent in the periphery per unit volume of blood, which might reflect a 

continuation of foetal Th2-skewed immunity into early postnatal life. 

4.3.5 Identification of Age-Related Differentially Expressed Genes Between 

Allergics and Non-Allergics 

In the next stage of analysis the phenotype class labels were included into a contrast 

matrix in order to perform statistical cross-comparisons. Background-corrected gene 

expression profiles were filtered for genes that change significantly from birth to 12-

months in allergics and non-allergics (FDR adjusted P value <0.05). A total of 1, 484 

genes were identified, of which 502 genes were expressed by allergics, and 1,374 were 

expressed by non-allergics. The top 60 developmentally regulated genes were ranked by 

fold-change in Table 4.9. 

 

Table 4.9- Top 60 developmentally regulated genes in allergics and non-allergics. 
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The SAM test was employed to compare the gene lists for differential expression. SAM 

performed better on the combined data set and identified 12 differentially expressed 

genes with a high level of confidence, only 2 predicted to be false-positives (Figure 

4.32). 

 

Figure 4.32- SAM test for comparison of developmentally regulated genes in the CD3 response 

profiles of allegics and non-allergics. The rows of the heatmap represent genes, the columns represent 

pooled RNA samples hybridized to microarray. Cells are colorized by level of expression. The SAM plot 

shows the observed by expected distribution of the gene test scores.  

 

Genes identified by SAM as differentially expressed between allergics and non-allergics 

were annotated in Table 4.10 and are ranked according to the test score (most to least 

differentially expressed).  
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Table 4.10 – Developmental genes called differentially expressed between clinical 

phenotypes. 
 

 

 

The probeset expression of these genes was plotted from the microarray to examine the 

pattern of gene expression between phenotypes (Figure 4.33). It was not possible to 

validate these candidates by qRT-PCR as the cDNA material was exhausted during 

target validation in previous sections. The SAM test score indicates these candidates are 

likely to validate however, the biological role of these genes was not anticipated to be 

principle in the development of the IgE food allergy phenotype. Little information on 

the function and expression of these genes is published in the literature indicating their 

role in T-cell activation is novel. APLP1 is reported to be up regulated in 

gastrointestinal tumours and is reported to function as a transcriptional activator, which 

may influence tumour cell invasiveness (329). The TPD52L1 gene is also a tumour 

protein and reported to be involved in cell proliferation and calcium signalling, 

indicating it may have a potentially interesting role in the T-cell activation program 

(330). ZNF341 is a zinc-finger DNA binding protein and these genes function as 

transcription factors in the cell. OR4D10 is a member of the human olfactory receptor 

gene family, which are members of a large family of G-protein-coupled receptors 

(GPCR). GPCRs are transmembrane receptors that sense molecules outside the cells 

and activate signal transduction pathways. The ligands that bind and activate these 

receptors are varied and can include light-sensitive compounds, odors, pheromones, 

hormones and neurotransmitters. G-protein signalling is known to be involved T-cell 

activation and therefore this gene may play a novel role in T-cell signalling.   
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Figure 4.33 – Probeset expression of genes identified by SAM as differentially expressed over the 

course of early development. 

 

 

In conclusion, the developmental analysis has identified several candidate genes that 

may potentially be differentially expressed, in the TCR activation program although 

their role in T-cell activation is novel. Figure 4.33 suggests the expression of these 

genes changes markedly from birth to 12-months in non-allergic children, but remains 

fairly stable over this period in the allergic group, suggesting deficiencies in the 

regulation of gene expression during the maturation of T-cell effector phenotypes.    
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4.4 Discussion.  

Variations in a variety of effector T-cell functions have been associated with allergic 

disease for many years (311), and the onset of these variations may be initiated before 

birth (158). A long-standing immunological paradigm states that these developmental 

differences affect the rate of transition of immune mechanisms operative in foetal life, 

into the mature adult state during ongoing immune development, contributing to the 

risk for allergic disease (308). Despite consistent observations of variations in T-cell 

immunity in early life, it is not clear when, or how these differences in T-cell function 

arise. This study utilized cutting-edge microarray technology to characterize the genes 

expressed during the early phase of CD4+ T-cell activation. We identified here for the 

first time, plausible TCR signalling pathways associated with abnormal T-cell 

function, and the risk for IgE-food allergy. Furthermore, this was the first microarray 

study to investigate the TCR activation response longitudinally, during the perinatal 

stage of immune maturation. 

 

A key finding from gene profiling of CD4+ T-cell responses in the neonatal period 

was the reduced expression of NFKB2 and RELB in the TCR activation program 

from children who subsequently develop allergic disease. There was also a trend for 

downregulation of NFKB1 (P=0.074) and NFKB1A (P=0.0851) that approached 

statistical significance. The NFKB/REl family of transcription factors are essential for 

lymphocyte survival and activation, and necessary for mounting effective immune 

responses. Together the data suggests that abnormal T-cell function may be associated 

with a failure to induce these complexes. 

 

Two very specific NF- B signalling pathways have been described in the T-cell; the 

classical pathway which is induced by signals from pro-inflammatory cytokines, and 

pathogen-associated molecular patterns (PAMPs) working through different receptors 

belonging to TNF family and the TLRs and is therefore essential to innate immune 

function (331); and the alternative pathway which specifically involves NF- B2 

(p100/p52) and relB proteins dimerizing to form the NF- B relB p52 complex, 

activating a subset of NF- B target genes (including IL-2) in the nucleus (332). The 

latter pathway has only recently been described, and is thought to have evolved as a 

separate arm of the NF- B pathway to mediated adaptive T-cell functions (333). Our 



 139 

data suggests the alternative pathway to be specifically down regulated at birth and 

associated with initiating allergic immune responses, however, relB can also 

associated with NFK 1 and therefore we cannot rule out the possibility that other NF-

B pathways are affected.  

 

Numerous knock-out experiments in mice demonstrate an important role for NF- B 

in T-cell development and function through effects on proliferation and survival  

(333, 334). Mice lacking individual NF- B genes have similar functional defects 

observed in the present study, including reduced proliferation, activation and cytokine 

production by T-cells (335). RELB expression in particular is restricted to specific 

regions of the thymus, lymph nodes and Peyer’s patches (335) indicating an important 

role in development. The expression of RELB and the functional consequences of 

variations in RELB expression may therefore be more closely associated with altered 

immune responses in the neonatal period.  

 

Collectively, the NF- B complexes enhance the transcription of IL-2 and other genes 

following activation by up-stream biochemical signalling molecules induced in a 

sequential manner from the activated TCR.  In the present functional studies of T-cell 

activation, proliferative responses to anti-CD3/IL-2 stimulation were markedly 

ablated in neonates from the allergic group, providing strong evidence that the TCR 

activation pathway was generally insufficient to sustain IL-2.  

 

No differences in cytokine production were observed between allergics and non-

allergics in response to anti-CD3 activation, although the allergic group displayed a 

widespread deficiency in the ability to synthesize a range of cytokines in response to 

allergen challenge. Different stimuli leading to NF- B induction have been shown to 

be involved at distinct steps of T-cell differentiation (336), suggesting that the nature 

and quantity of the activating stimulus may induce different pathways of NF- B 

activation (337). Furthermore, the strength of binding affinity at the TCR synapse is 

known to influence the stoichiometry of down-stream events and can lead to Th1/Th2 

skewing and/or anergy (338).  

The data therefore suggests that induction T-cell specific NF- B activity may be 

suboptimal in newborns that develop allergic disease. This may have significant 
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consequences for T-cell development in the thymus, since the binding affinity of 

MHC/TCR and subsequent induction of IL-2 is critical for T-cell survival and 

selection. Therefore, these defects in the TCR are likely to alter the functionality of 

thymic emigrant cells populating the peripheral circulation, and these pathways may 

be particularly susceptible to gene-environment interactions in utero. Attenuated T-

cell responses in the neonatal period were associated with variations in T-cell 

responses in the postnatal period suggesting that abnormal neonatal T-cell function 

affects the subsequent maturation of various effector T-cells during postnatal 

development.  

 

Allergic cellular immune responses measured in the postnatal period were 

characterized by enhanced IFN- , IL-13 and IL-5 responses to OVA and HDM 

suggesting mechanisms of tolerance that normally suppress immunity to these 

allergens were deficient. Gene profiling of CD4+ T-cell subsets revealed two novel 

insights: firstly, that the reduced number of genes expressed after activation of the 

TCR was a consistent feature of the allergic group at birth and at 12-months; and 

secondly, that two genes MT1A and LAIR2 were down-regulated in this response. 

The former point suggests that defects in the TCR persist beyond birth during a 

critical time in which exposures have the capacity to influence T-cell functions as 

tolerance is established. We did not detect any deficiencies in NF- B at this age, 

suggesting the RELB/NFKB deficiency may be more relevant to neonatal T-cells. 

 

The reduced expression of a LAIR2 transcript variant would support an ongoing role 

for deficient TCR signalling in postnatal life. This gene antagonizes the 

LAIR1/collagen inhibitory immune interaction and therefore provides a novel 

mechanism of regulating the inhibitory potential of LAIR1. Previous studies have 

shown that LAIR2 is transcribed mostly by CD4+ T-cells and is secreted following in 

vitro stimulation of PBMCs (322). It is secreted as a soluble receptor in vivo and 

binds extracellular matrix collagens thereby reducing their availability to bind the 

LAIR1 receptor. This mechanism of tightly controlling the CD4+ T-cell response via 

the balance between activation signals and inhibitory signals provided by collagens 

may help modulate mucosal tolerance. Deficiencies in these pathways during the 

postnatal period are predicted to attenuate the function of these T-cells, and may 
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influence the subsequent T-cell phenotypes that ensue following the contraction of the 

immune response (338).  

 

The role of alternative splicing in modulating secreted LAIR2 levels is unknown. The 

transcript variant detected as differentially expressed is shorter by 1 in-frame exon 

than the full-length transcript, and may reflect a biologically active isoform; however 

there is no available data on this.  

 

MT1A was also found to be reduced in the allergic group at 12-months. 

Metallothioneins prevent tissue injury through oxidative stress. These genes are 

thought to be ubiquitously expressed in most tissues and play a role in detoxifying 

metal ions during development, to regulate the synthesis of metalloproteins and 

protect against reactive oxygen species. Studies from rats have shown that this gene 

can be induced by cytokines (IL-6 and TNF ) as well as in response to oxygen free 

radicals (319) and in rat models it plays a protective role against chronic inflammation 

in the gut (320). The role of MT1A in TCR signalling is novel and has not been 

described before. A deficiency in this gene might suggest a reduced capacity to 

protect local tissue from inflammation, and there is evidence oxidative stress may be 

associated with a leaky gut (339).  

 

In conclusion, it is clear that variations in T-cell function at birth are associated with 

less effective signal transduction pathways and the data presented here indicates an 

important role of NF- B regulation in the neonatal immune system. These pathways 

may be associated with differences in the development of T-cell phenotypes during 

postnatal life, and the risk for IgE food allergy in infancy.  
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Chapter 5.0 Microarray studies of innate immune responses 

in food allergic and non-allergic children 

This chapter investigates innate immunity in allergic and non-allergic children. There 

has been growing interest in the role of microbial signalling pathways in the 

development of allergic disease, since differences in TLR function play a central role 

in innate immune function (148), which critically determines the activation, 

regulation and ultimate pattern of adaptive T cell responses. Given that innate 

immune responses prime subsequent adaptive immunity, this has been an intense area 

of research interest. Although there are now clear reports of differences in the 

development of TLR function and innate immunity in children with allergic disease 

(93) the underlying mechanism behind altered TLR signalling are unknown. In the 

present study, TLR4 signalling pathways were profiled by genome-wide microarray 

in allergic and non-allergic children. The genes identified here provide preliminary 

evidence of altered monocyte function in children who develop IgE-mediated food 

allergy.  

 

Background 

Reduced microbial signalling is a leading candidate in the rise of allergic disease and 

has led to rapid progress in defining how the innate immune system recognizes and 

responds to microbial stimuli through the TLR pathways. Signalling through the TLR 

on the surface of APCs activates intracellular signalling cascades, which induces the 

up-regulation of surface marker expression, enhances antigen presentation capacity, 

and provokes T-cell activation, proliferation and differentiation (111). TLR signalling 

in postnatal life also provides the necessary cues to stimulate immune deviation from 

the foetal Th2 state. In the absence of sufficient microbial signalling in infancy, 

postnatal adaptive T-cell responses remain skewed toward the Th2 phenotype, and 

mucosal tissue networks that normally regulate Th2 responses fail to control the 

development of allergen-specific IgE (178). Therefore, alterations in TLR function 

can have effects on the subsequent development of adaptive immune function, and 

contribute to the risk for allergic disease.  
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There is now clear evidence that TLR signalling is altered in the perinatal period and 

early childhood in children with allergic disease (93), and preliminary studies indicate 

similar pathways may be affected in children with IgE food allergy (33). Recently, it 

was reported that DCs from children with IgE cow’s milk allergy spontaneously 

produce higher levels of pro-inflammatory cytokines, which activate CD4+ T-cells to 

produce Th2 cytokines (33), providing evidence of differences in innate immune 

pathways associated with the development of food allergy.  

 

Of the microbial signalling pathways, previous studies indicate the LPS/TLR4 

pathways have an important role in allergic sensitization. It has been shown that 

resident immune cells in the gastrointestinal tract are relatively LPS resistant (340), 

which is necessary to prevent inflammation despite the continuous exposure to 

bacterial products from commensal microbes. Therefore the influence of TLR4 on 

allergic sensitization to food proteins via the gut may be unique from other mucosal 

surfaces. Evidence suggests that LPS/TLR4 signalling can modify the inflammatory 

response (341) and may protect against the development of allergic sensitization 

(342), and therefore the present study proposed to investigate the role of TLR4 

signalling in the development of food allergy.  

 

In this chapter, low-dose LPS stimulation (1ng/ml) in the presence of soluble foetal 

calf serum factors was used to study the TLR4 transcriptional program induced after 

12-hours of stimulation in whole PBMCs. Our initial attempts focussed on isolating 

pure populations of monocytes to study the signalling program in this cell population, 

however we encountered technical difficulties with this approach. The low frequency 

of recovered monocytes led to residual phenol contaminants in the RNA preps, which 

interfered with the Affymetrix microarray labelling procedure. Therefore we 

undertook a study of whole PBMCs, reasoning that this approach had been used 

previously in the literature (235, 236, 254). Similar to chapter 4.0, differential 

expression profiling was undertaken to identify differences in the LPS response at 

birth, and again at 12 months, in the same population of children with IgE food 

allergy.  
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Section 5.1 of this chapter is a study of TLR4 function in the neonatal period. Initially, 

cytokine responses to LPS were examined in allergic and non-allergics as a measure of 

functional immunity. Parallel microarray studies characterized the TLR4-mediated gene 

expression program, and differential expression analysis was undertaken to identify 

candidate genes. 

 

Section 5.2 is a study of innate immune cell function at 12-months when the symptoms 

of food allergy were manifest. Initial studies investigated the cellular immune responses 

to LPS and parallel microarray studies profiled the TLR4 response in allergic and non-

allergic infants.   

 

In section 5.3 the ontogeny of LPS-induced cellular immune responses from birth to 12-

months were investigated longitudinally. Microarray studies here contain a detailed 

analysis of the change in LPS activated gene expression from birth to 12-months, and 

the expression of developmentally regulated genes was compared between phenotypes. 
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5.1 – Studies of innate immunity in neonates who subsequently develop IgE 

food allergy 

This section characterizes cellular immune responses to LPS in allergics and non-

allergics during the neonatal period. Variations in monocyte and APC function in 

neonatal life can have subsequent effects on the development of adaptive immune 

responses (93). In this section, cytokine responses to LPS were measured to determine 

whether TLR4 microbial recognition pathways differed between allergics and non-

allergics at birth.  

5.1.1 No functional differences in cytokine production were detectable in cord 

blood responses to LPS 

To determine whether any functional differences in the LPS-mediated immune response 

exist in this cohort, circulating cord blood mononuclear cells from neonates who 

subsequently develop allergic disease, (n=27) and non-allergics (n=23) were cultured 

alone or in the presence of LPS (1ng/ml) for 12 hours. At termination of the cultures, 

supernatants were assayed for functional cytokine production. As indicated in Figure 

5.1 there were no significant difference in IL-1 , TNF- , IL-10 or IFN-  production 

between groups. IL-12 production was below detection limits for this assay (3pg/ml). 

 

Approaches to the study of cord blood mononuclear cell responses to LPS in atopics 

have yielded conflicting results. In particular, some studies indicate LPS responses to be 

normal (163), whilst others report a clear difference in neonatal IL-6 and TNF-  

production (93, 148). This could be explained by the use of different assay systems that 

are dependent on the addition of IFN-  prior to culture with a ten-fold higher dose of 

LPS than concentrations used here. Typically, the latter protocol is adopted in situations 

where IL-12 production by APCs is desirable however; the protocol used here was 

optimized for microarray experiments and avoided artificial priming prior to 

stimulation.  
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Figure 5.1 Cytokine production from allergic and non-allergic CBMC in response to LPS 

stimulation. A panel of allergic and non-allergic CBMC was cultured in the presence or absence of LPS 

for 12hrs, and culture supernatants were assayed for cytokine production using a multiplexed Luminex 

assay. IL-12 production was not measurable in this assay. Median cytokine levels are shown by the black 

line and were compared using the Mann Whitney U test.  

 

5.1.2 Genome-wide profiling of the LPS transcriptional response by microarray in 

all individuals 

In order to study the molecular pathways underlying the TLR4 signalling response, 

CBMC (n=30 allergics, n=30 non-allergics) were cultured in the presence or absence of 

LPS for 12hrs before harvesting of RNA for microarray profiling. RNA samples were 

pooled exactly as documented in chapter 4.0 and hybridized to Affymetrix Human Gene 

1.0 ST arrays. The quality of the microarray data was assessed using QC metrics in the 

expression console software, and sample clustering to detect outliers (Appendix 1) The 

data quality was high with no evidence of any outlying chips. Affymetrix .CEL files 

were imported into the expression console software and processed using a custom 

algorithm with parameters PM-GCBG background subtraction, sketch-quantile 

normalization and iterPLIER summarization. Pre-processed data were imported into the 

R statistical environment for high-level analysis. Data were variance stabilized by 

adding a small constant 16 to all data points, followed by log2 transformation. 
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The empirical Bayes approach was used to identify genes significantly modulated in 

LPS stimulated versus unstimulated cells in all individuals. Using the moderated t-test 

LPS-responsive genes were identified according to the criteria average fold change > 

1.5 above background and FDR (313) adjusted p value <0.05. Paired comparisons of 

LPS stimulated versus unstimulated samples indicate a total of 2, 481 genes are 

mobilized in response to LPS stimulation. The LPS-responsive genes were visualized 

on a volcano plot, which ranks genes according to the moderated t test statistic for 

expression above background, and by fold change (Fig 5.2). 

 

 

 

Figure 5.2 – Microarray analysis of LPS-modulated gene expression in neonates. Background 

corrected gene expression levels in stimulated and un-stimulated CBMCs exposed to LPS. The data were 

visualized on a volcano plot that shows the value of the moderated t test (y-axis) by fold change on the 

log2 scale (x-axis). The gates shown here are visual guides and do not reflect a cut-off for significance. 
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5.1.3 Bioinformatics of the LPS response 

The ranked gene list was enriched for gene ontology using the GOrilla bioinformatics 

tool using the default significance detection parameters (P<10
-3

). The hierarchical 

organization of the terms is illustrated in Figure 5.3. The most enriched terms were 

associated with bacterial recognition, and defence response to LPS. Next in the 

hierarchy were strong signals for recruitment and activation of T-cells, followed by 

regulation of the inflammatory cascade. Enrichment of the gene list clearly 

demonstrates how innate immune responses temper down-stream adaptive T-cell 

processes and provides a high level of confidence in the data.  
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Figure 5.3 Gene ontology enrichment of the neonatal LPS response. The list of LPS responsive genes was strongly enriched for bacterial 

recognition pathways and immune defence to LPS, as well as a clear signal for recruitment and activation of T-cells and regulation of the inflammatory 

cascade. 
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5.1.4 K-means clustering of the LPS response 

Innate immune cells (and T-cells) recognize pathogens through the TLR, and signalling 

through the TLR results in activation and maturation of DC populations, and triggers 

the development of antigen-specific immune responses through T-cells. In order to 

delineate these processes in the LPS data set, K-means clustering was performed on the 

Pearson’s correlation coefficient calculated for each gene in the filtered data set, using 

the complete linkage method. Clusters were resolved with the dynamic tree cut method. 

These clusters were annotated using the GOrilla tool and described in Table 5.1. 

 

Figure 5.4- Clustering of the LPS response. Heatmap of K-means clustered gene expression profiles. 

Genes are represented as rows, samples as columns. Cells are colorized according to expression (red, 

down; green, up).  
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Table 5.1 Annotation of the K-means clustering analysis. 

 

The clustering algorithm partitioned the LPS responsive genes according to whether 

they were up regulated (blue cluster) or down-regulated (turquoise cluster) following 

LPS exposure. The turquoise cluster contains genes that were down regulated after 

treatment of LPS, and found here were the primary signal transduction cascades 

activated upon binding of specific ligand, leading to the activation of MAPKs.  

 

Accompanying these signalling pathways was an up-regulation of antigen presentation 

genes, inflammatory cytokine production (IL-6, IL-8, IL-1 ), a clear signature for up 

regulation of NF- B cascade, JAK-STAT cascade, and a robust T-cell meditated 

response, localized to the blue cluster. This by nature is thought to be a very ancient and 

highly conserved response, leading to the transduction of MAPK pathways that regulate 

the initiation, maturation and termination of immunity to infectious agents. 

Interestingly, both early (CD69) and late (CD25) T-cell activation markers were co-

expressed with IL-2 in absence of FOXP3 expression, and only IL-10 appears to be 

induced to control the T-cell response. Most of the interleukin genes in the blue cluster 

suggest a Th1-mediated immune response coupled with the expression of inflammatory 

cytokines (IL17F, IL-6, IL-8, IL-1 ) and TNF family members. 
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5.1.5 Differential expression analysis of LPS response patterns in allergic and non-

allergic neonates 

To determine whether any aspects of this response were differentially expressed 

between the subsequent clinical phenotypes, we compared the LPS transcriptional 

response between groups. Using the Bayesian t test as previous (FC +/- 1.5, FDR<0.05), 

LPS responsive genes in allergics and non-allergics were identified. Paired comparisons 

of background-corrected gene expression profiles revealed that 1, 990 genes were 

significantly modulated in the allergic group, and 2, 026 genes were similarly 

modulated in non-allergics, suggesting the response profiles are quite similar. The top 

60 genes mobilized in the LPS response in each group are shown below on Table 5.2 

 

Table 5.2- Numbers of genes mobilized in the LPS response. Top 60 genes in 

allergics and non-allergics. 

 

 Non-allergic Allergic  

CD3 responsive 2, 026 1, 990  

Upregulated 1, 201 1, 133  

Downregulated 825               857  
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Employing the significance analysis of microarrays (SAM) approach, the LPS response 

profiles from allergic and non-allergic donors were formally compared to identify 

differentially expressed genes. The null distribution was determined from permutations 

of the data and the observed test scores were plotted against the scores expected under 

the null hypothesis. Differentially expressed genes appear as outliers on the plot (Figure 

5.5).  

 

Figure 5.5 – Differential expression analysis of microarray data for LPS modulated genes. 

Background corrected gene expression levels in allergic and non-allergic children were compared 

employing the SAM test (314). The heatmap contains only 50 ranked genes shown here. The data were 

visualized on a scatter plot that shows the value of the S statistic (y-axis) by the expected scores under the 

null hypothesis.  

 

As expected, many of the genes were common to both clinical groups, and the SAM test 

identified only 1 candidate gene RASEF, which the heatmap indicates is up regulated in 

the allergic group. qRT-PCR was performed on individual RNA samples to validate this 

analysis, and the expression RASEF was up regulated in allergics, although the 

differences was not statistically significant by Man Whitney U test (Fig 5.6). 
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Figure 5.6 qRT-PCR validation of RASEF in cord blood mRNA samples treated with LPS. Data is 

presented as background-corrected gene expression normalized to the housekeeping gene UBE2D2. 

Statistics performed on the PCR data= Man Whitney U. 

 

Additional targets were selected from the ranked list of genes that were of potential 

biological interest and ranked highly in the differential expression test. The expression 

of these genes was then assessed by qRT-PCR in individual RNA samples (Fig 5.7). 

 

 

Figure 5.7 PCR validations of additional target genes ranked highly in the differential expression 

test, but not found to be significant. Data is presented as background-corrected gene expression and 

statistical comparisons were made using the Man Whitney U test. 
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As indicated in Figure 5.7, there was no evidence of differential expression between 

phenotypes that could not be explained by chance.   

 

In order to determine whether any outlying microarray chips were potentially biasing 

the statistics, the PCR data for all individuals were stratified according to pool 

membership, and visualized in Figure 5.8.  

 

Figure 5.8 PCR data for individuals stratified by pool. The gene expression values for each individual 

as determined by PCR, were plotted according to pool membership. Pools 1 – 5 are the allergic group, 

pools 6 - 10 the non-allergics.  

 

As indicated in Figure 5.8, there were no individual pools that were biasing the analysis; 

rather, the variability among individuals was distributed across several different pools. 

It is clear from the graph that individuals with higher levels of gene expression tend to 

belong to the same clinical phenotype, but this is not uniform for all individuals of the 

same phenotype.  

 

To improve power for discovery of additional candidate genes, the GSA test was carried 

out on the complete data set. As indicated in the Table 5.3, GSA returned some 

interesting pathways that may be differentially expressed. 



 156 

 

Table 5.3- Gene sets identified by GSA. 

 

 

 

 

 

 

 

The genes in each set were ranked by test score, and the same 3 genes were repeatedly 

ranked in the top of each set. These included MAPK3, MAPK10 and PRKCA. 

Commercial assays for each of these genes were purchased from Qiagen and PCR was 

performed on individual RNA samples to determine whether further pathways 

validation was warranted. PCR analysis indicates there was no evidence of differential 

expression between the phenotypes (Figure 5.9). 

 

 

 
Figure 5.9 RT-PCR of GSA genes on individual mRNA samples. Data is presented as background 

corrected gene expression normalized to UBE2D2. Statistics by Man U.  
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5.1.5 Conclusions from studies of innate immunity in the neonatal period 

The functional data collected in this section supports the observations from the 

microarray; that no differences in the TLR4 pathway were detected using this 

experimental protocol at birth in children who subsequently develop IgE-food allergy. 

TLR4 is unique among the TLR in its ability to activate two distinct signalling 

pathways – one dependent upon the MyD88 adaptor molecule, which leads to the 

production of pro-inflammatory cytokines; and the second pathway named the TRIF 

(TIR-domian-containing adaptor protein inducing interferon ) – TRAM (TRIF-related 

adaptor molecule) pathway which induces the type 1 interferon’s (302). The utilization 

of these different adaptors represents a mechanism of control for exhibiting specific 

responses. Based upon the pattern of cytokines measured in cell supernatants in 

response to LPS (IL-1 , TNF- , IL-10) in the present experiments, the data suggests the 

native responses to LPS in the neonatal period signals through the MyD88-dependent 

pathway resulting in the production of proinflammatory cytokines, with little to no 

measurable IL-12 and IFN- . The microarray data in section 5.1.4 supports this, and 

independent studies have drawn similar conclusion (162). It would be logical then to 

speculate that the primary differences between the clinical phenotypes might lie in the 

alternative-signalling pathway, which did not appear to be induced in these experiments.   
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5.2 – Studies of Innate Immunity at 12-months 

In these follow up experiments, we studied immune responses to LPS in the same group 

of children at 12-months. Circulating mononuclear cells were cultured alone or in the 

presence of LPS (1ng/ml) and cells were harvested for RNA after 12-hours in culture, 

and supernatants were assayed for functional cytokine production. As before, individual 

mRNAs were pooled and hybridized to Affymetrix gene chips for molecular profiling 

of the LPS response.  

5.2.1 No difference in cytokine secretion at 12-months between allergic and non-

allergic donors 

As observed in cord blood LPS cultures, the primary response to LPS induced no 

functional differences in cytokine production at 12-months between allergic and non-

allergic children (Figure 5.10). IL-12 production was low but measurable at this age for 

some individuals and IFN-  responses were largely suppressed. 

 

Figure 5.10- Cytokine production from 12-month old allergic and non-allergic donors in response 

to LPS stimulation. A panel of allergic and non-allergic PBMC was cultured in the presence or absence 

of LPS for 12hrs, and culture supernatants were assayed for cytokine production using a multiplexed 

Luminex assay. Median cytokine levels are shown by the black line and were compared using the Mann 

Whitney U test.  
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5.2.2 Microarray studies of LPS induced gene expression profiles in all individuals 

A microarray study was designed to interrogate the molecular pathways involved in the 

LPS response in allergic and non-allergic infants. PBMCs (n=30 allergics, n=30 non-

allergics) were cultured in the presence or absence of LPS (1ng/ml) for 12-hrs before 

RNA harvesting. Pooled RNA samples were hybridized to Affymetrix Human Gene 1.0 

ST arrays. Affymetrix .CEL files were imported into the expression console software 

and processed using a custom algorithm with parameters PM-GCBG background 

subtraction, sketch-quantile normalization and iterPLIER summarization. Pre-processed 

data were imported into the R statistical environment for high-level analysis. Data were 

variance stabilized by adding a small constant 16 to all data points, followed by log2 

transformation. 

 

The quality of the microarray data was assessed using QC metrics in the expression 

console software, and sample clustering to detect outliers (Appendix 1). The data 

quality in terms of signal to noise ratios and hybridization controls were all high, 

however, sample clustering did not efficiently discriminate samples according to 

treatment effects, with some stimulated and control samples clustering together, when 

the clustering algorithm was performed on all genes, or the top 1000 and top 2000 most 

variable genes (Figure 5.11). 

 

Figure 5.11 Clustering of 12-month LPS samples indicates incomplete stratification of samples 

according to gene expression. Sample clustering was performed on the data set using the average 

linkage method. (S)= Stim, (C)= Control. Incorrectly assigned samples are shown in red. 
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This was not anticipated and suggested either: (1) the sample labels (stimulated or 

unstimulated) may have been mixed up for some samples, or: (2) the treatment effect (ie 

the magnitude of gene expression induced to LPS) was relatively small at this age.  

 

To address the first issue, the expression of several inflammatory genes (IL-6, IL-8) as 

well as activation markers (CD25, CD80) and surface receptors (TLR4, TLR2, TLR7) 

was examined in all samples (stimulated and unstimulated), and it was anticipated that 

the sample labels should match known changes in patterns of gene expression in 

response to exposure to LPS. To address the second issue, the magnitude of the 

response was compared at the present age (12-months), with the cord blood response. 

Gene expression as measured on the microarray was visualized by bar-plot and the axes 

were scaled to be comparable at both age. As shown in Figure 5.12, the magnitude of 

response at 12-months is significantly reduced compared with the cord blood response. 

The sample labels were not mixed up, as all the stimulated samples in the 12-month 

data (B, D, and F) matched patterns of gene expression in the cord blood data (A, C, E). 
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Figure 5.12 Comparison of probe-set expression for selected genes in the cord blood and 12-month 

data sets. Data is presented as gene expression detected on the microarray. The axes have been scaled to 

be comparable across ages. A:- IL-6 cord blood B:- IL-6 12 months C:- CD25 cord blood D:- CD25 12 

months E:- CD80 cord blood F:- CD80 12 months. 

 

It was noticed that chip set #1 in the 12-month data set (Figure 5.12, B, D, and F) was 

behaving irregularly compared to other pairs. We observed little difference in gene 

expression between the stimulated and unstimulated pair. This did not appear to be an 

obvious class label issue, rather, some form of pre-activation in the unstimulated 

controls. This pair was removed for further analysis. 
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Volcano plots were constructed for both the 12-month and cord blood data sets and the 

profile of gene expression were compared. The volcano plot is useful to visualize the 

gene response by fold change (up or down regulated) and test statistic (differentially 

expressed above background). Figure 5.13 clearly indicates that the genes induced in 

response to stimulation are similar at both ages; however the magnitude of the response 

is very different. Note the difference in scale on the x-axes. Collectively the data 

suggest the treatment effects at 12-months are relatively small compared with the cord 

response. This is consistent with other studies documenting the same age-related change 

in monocyte function (162).  

 

 

Figure 5.13 Volcano plot of the LPS immune response at birth and 12 months. A- cord blood data 

set, B- 12-month data set. Note that the x-axes are scaled differently. 
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 5.2.3 Differential expression analysis of 12-month LPS response profiles in allergic 

and non-allergic infants 

The empirical Bayes method was used to identify LPS responsive genes in unstimulated 

versus stimulated samples at 12-months. LPS responsive genes were identified by 

average fold change > 1.5 above background and FDR (313) adjusted p value <0.05. 

Paired comparisons of LPS-stimulated to unstimulated PBCM verified a total of 750 

genes were modulated in response to LPS signalling, and of these, 452 were expressed 

by allergics, and 298 were expressed by non-allergics. The top 60 genes mobilized to 

LPS are shown in the Table 5.4. 

 

Table 5.4- Top 60 gene mobilized in the 12-month LPS response. 
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To identify differentially expressed genes in the response profiles of allergic and non-

allergic donors, the gene lists identified above (750 total) were compared between 

phenotypes using the significance analysis of microarray test (SAM test). Gene 

expression was visualized on a cluster heatmap (Figure 5.14), which clusters genes and 

samples according to normalized gene expression profiles. As illustrated in Figure 5.18 

samples from Food Allergy (FA) and Non Allergic (NA) infants are not efficiently 

discriminated by the gene list, suggesting that differences in gene expression are not 

entirely uniform between the clinical phenotypes. The SAM test returned a list of only 3 

genes for validation: TUBGCP5, PGA3 and LUZP2 

 
Figure 5.14- SAM test for differentially expressed genes in pooled allergics and non-allergic 

samples. The rows of the heatmap represent genes, the columns represent pooled RNA samples 

hybridized to microarray. Cells are colorized by level of expression. Only 50 ranked genes are shown 

here. The SAM plot shows the observed by expected distribution of the gene test scores. Highly 

significant genes will deviate from their expected value and thus appear as a bend in the plot. The SAM 

test has identified 3 genes that may be differentially expressed. 
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TUBGCP5 is the gamma-tubulin complex; it is widely expressed as it is necessary for 

the microtubule nucleation at the centrosome. Pepsinogen 3 (PGA3) is a gene of 

unknown function, as is LUZP2 (leucine zipper protein 2). The role of these genes in 

the LPS/TLR4 response is unknown; however their function may be more relevant to 

cell division and differentiation. qRT-PCR was performed on individual RNA samples 

to validate these targets. As illustrated in Figure 5.15, these targets were not 

differentially expressed between allergics and non-allergics. 

 

 

Figure 5.15- qRT-PCR validation of candidate genes in 12-month LPS microarray experiments. 

Background corrected gene expression measured in individual RNA samples. Statistical comparisons by 

Man Whitney U test. 

 

No working primer assays were commercially available for these genes, and therefore 

we designed in-house assays. The assay for LUZP2 could not be optimized to collect 

reliable data and therefore the results are excluded here. 

 

Despite the mounting evidence against differential gene expression in the present 

experiment, the GSA test was again adopted to improve statistical power, and 

performed on the entire data set. GSA identified no further targets, and no additional 

candidate genes were selected for further validation.  
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5.2.4 Conclusions from studies of innate immunity in the postnatal period 

The identification of differentially expressed genes and target validation was a 

significant hurdle in this postnatal study of innate immune function. There are several 

conclusions that can be drawn from this. Firstly, the data may suggest there are no 

differences in the TLR4 signalling program associated with food allergy in infancy. The 

studies of functional cytokine production at this age would support this, however, a 

recent study has reported variations in LPS-mediated IL-1  production in 12-month old 

infants with allergic disease (93). The latter study adopted the alternative protocol, 

which involves priming cell cultures with IFN-  for 3 hours prior to the addition of LPS.  

 

This observation then leads to the second possible conclusion: that the stimulation 

protocol adopted in the present study was suboptimal to unmask covert differences in 

TLR4-mediated gene expression associated with the development of food allergy. 

Indeed, the level of gene expression in response to LPS stimulation was markedly 

reduced at 12-months. These results are highly consistent with previous studies 

characterizing the normal ontogeny of monocyte responses through birth and infancy 

(162). The authors in this study observed that the capacity to produce a range of 

cytokines including IL-12, IL-18, IL-23 and type-I IFN are uniformly reduced in cord 

and infant monocytes relative to later ages, whilst pro-inflammatory cytokine 

production (IL-6, TNF- , IL-10) were comparable to adult levels. This suggests major 

differences in the developmental regulation of MyD88-dependent versus TRIF-

dependent pathways in early life. Therefore it could logically be concluded that the 

major phenotypic differences in LPS/TLR4 signalling in the development of food 

allergy may lie in TRIF-TRAM dependent pathways.  

 

Of interest was the markedly reduced TLR4 function observed at 12-months. As 

illustrated in Figures 5.12 and 5.13, up regulation of CD25, CD80 and IL-6 following 

stimulation of LPS in the presence of FCS serum fully supportive of TLR function 

revealed a more robust TL4 response in neonatal cells. Previous studies indicate this is 

due to a more rapid and sustained translocation of TLR4 on the surface of neonatal 

monocytes coupled with their increased frequency per unit volume of blood (162).  
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In conclusion, we detected no differences in TLR4 signal transduction pathways 

between allergics and non-allergics, although there appears to be a selective 

enhancement of TNF- , IL-6, IL-1  pathways operative in the neonatal period in all 

individuals, coupled with little to no IL-12 production between the period of birth to 12-

months.  
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5.3 – Determination of Developmentally Regulated Patterns of Gene 

Expression 

In the previous sections we conducted comparative cross-sectional studies of innate 

immunity in allergic and non-allergic children in the neonatal period and infancy. In the 

present section we analysed the ontogeny of developing innate immune responses 

longitudinally, across the period of birth to 12-months. In particular, we examined the 

role of genes that change significantly over this period, and identified some potentially 

interesting candidate genes that may be associated with developmental differences in 

accessory cell function. 

5.3.1 Ontogeny of cytokine production from birth to twelve months 

Neonates are more susceptible to infection, which has generally been ascribed to a 

range of immaturities in innate and adaptive immunity. We compared neonatal and 

infant cytokine responses for a range of cytokines including IL-1 , IL-10, TNF- , IFN-

, and IL-12 to assess the extent to which neonatal accessory cell function is diminished 

at birth (Figure 5.16). Interestingly, neonatal production of IL-1 , IL-10 and IFN-  were 

markedly higher at birth than at 12-months in all individuals. In contrast, the production 

of TNF-  was of a similar magnitude between birth and twelve months.  IL-12 capacity 

was still mostly suppressed at this age, and was not detectable at birth but with a small 

number of individuals which developed low-level responses in infancy, although it was 

not appropriate to make statistical comparisons.  
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Figure 5.16 – Ontogeny of cytokine production in response to LPS stimulation from birth to twelve 

months. Median cytokine levels are indicated by the black line. Significant P values by Man Whitney U 

test are indicated in the box.  

 

These results are consistent with a recent studies investigating innate immune cell 

function longitudinally (93) (162). The data was stratified by phenotype and matched 

pairs were compared using the Wilcoxon signed ranks test, which considers the 

direction and magnitude of change over time. As indicated in Figure 5.17 there were 

differences in the developmental regulation of TNF-  and IL-10 production between 

allergics and non-allergics. Cytokine responses for IL-1  followed a similar pattern in 

both phenoytpes (data not shown). 
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Figure 5.17 – Regulation of TNF-  and IL-10 from birth to 12 months in allergic and non-allergics. 

Data is presented as median cytokine levels with interquartile range. Matched pairs were compared by 

Wilcoxon signed ranks test. 

 

The data is consistent with recent reports that demonstrate differences in the 

developmental regulation of TNF-  and IL-10 innate immune responses between 

allergics and non-allergics (93), suggesting a role for gene-environment interactions in 

modifying postnatal immune development.   
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5.3.2 Developmental analysis of the TCR-signalling transcriptional profiles from 

allergic and non-allergic children 

In the previous sections we studied the transcriptional LPS-induced PBMC responses 

from food allergic and non-allergic donors independently at birth and again at 12-

months. Here we combined the transcriptional data sets to look specifically for genes 

and innate immune pathways that develop differently in children with food allergy. The 

raw Affymetrix .CEL files from the cord blood study and the 12-month study were 

imported into expression console and pre-processed as a single data-set to reduce any 

spurious batch-effects. The data were processed using a custom algorithm with 

parameters PM-GCBG background subtraction, sketch-quantile normalization and 

iterPLIER summarization. Pre-processed data were imported into the R statistical 

environment for high-level analysis. Data were variance stabilized by adding a small 

constant 16 to all data points, followed by log2 transformation. 

 

The usual quality control procedures were followed and sample clustering was 

performed on the entire data set using the average linkage method, to identify the main 

sources of variance within the data set. As illustrated in the Figure 5.18, samples 

clustered efficiently according to age, however, the treatment effects were again small 

in the 12-month data set. As per the previous section, the spurious chip set 1 and 11 

were removed from further analysis. 

 

 

Figure 5.18 Sample clustering of the developmental LPS data set. Clear separation of samples by age 

suggests clear age effects. 
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5.3.3 Data mining and systematic determination of age-effects in the data set 

In order to identify genes significantly modulated by age in the innate immune response 

to LPS, background-corrected gene expression levels from cord blood and infant 

responses were identified using the moderated t test, specifying the usual boundaries of 

adjusted P value <0.05 and FC>1.5. The cord blood and infant responses were 

combined to a sum total of 4,226 genes in the LPS response. Clustering was employed 

to identify the age-related trends within these genes. The K-means algorithm was 

performed on the centred and scaled Pearson’s correlation coefficient calculated for 

each gene in the filtered data set using the complete linkage method. Samples were 

clustered by Spearman’s rank correlation using complete linkage and the data is 

represented on the heatmap in Figure 5.19. 

 

Figure 5.19 Cluster heatmap of combined cord blood and 12 month LPS microarray data sets. 

Genes (rows) are represented by cells coloured by expression (red,down; green,up) and clustered 

according to similarity. Samples (columns) are clustered according to similarity (CB= cord blood; IFNT= 

infant sample). 
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The clustering analysis has grouped genes broadly, according to whether they are up 

regulated (Blue, Turquoise) or down regulated (Brown, Yellow) from birth to twelve 

months. As expected, a large portion of the TLR-mediated LPS signalling pathway was 

higher at birth compared to 12-months, localizing to the brown and yellow clusters, 

which is consistent with earlier observations that several cytokines in these pathways 

are hyper-expressed at birth (section 5.3.1). These genes are involved in the LPS 

response (TLR4, TLR2, TLR7, CD83), MyD88 dependent signalling (IRAK2, TLR2, 

IRAK3) genes, as well as genes involved in JAK-STAT signalling (STAT2, STAT1), 

T-cell activation (IL-2RA, IL-4R), inflammatory genes (IL-6, IL-8, IRF4, IRF1), NF-

B signalling, regulation of IL-6, proliferation and apoptosis, consistent with increased 

pro-inflammatory cytokine production in the neonatal period. Both the IL-12p40 and 

the IL-12p35 subunits were found in the brown cluster, indicating no obvious induction 

of IL-12 competence between birth and 12-months.  

 

Genes that selectively increased in function from birth to 12-months (blue and turquoise 

clusters) included TLR1 and TLR6, CD86 co-stimulatory molecule found on the surface 

of APCs, CD14 which is preferentially expressed on monocytes and macrophages and 

mediates the immune response to LPS, MAP kinase signalling molecules (MAPK3, 

MAPK1, MAPK13), integrin signalling molecules, genes in the JNK and Ras cascades, 

the interferon gamma receptor (IFNGR1), the IL-13 receptor (IL-13RA1), IL1R, 

TGFBR1, CD4, protein kinase C beta and the related phospholipase C molecule 

(PLCB1). The alpha chain high affinity fragment of of IgE antibody (FCER1A) was up 

regulated at 12 months, as well as the function of IL-22, and IL-23A. This component 

of the developing LPS response appears to be linked to the maturation of APC and T-

cell functions, which are integrated to mediate host responses to LPS. 

 

The clustering analysis indicates specific aspects of the TLR4/LPS microbial signalling 

pathways are more active in the neonatal period. The microarray indicates the MyD88-

dependent pathway is highly active in the neonatal period and down regulated shortly 

after birth. Furthermore, the TRIF-TRAM pathways that operate independently of the 

MyD88 adaptor appear to be suppressed in early life relative to later ages. The reasons 

for this difference in developmental regulation of the two aspects of TLR4 signalling 

are unknown. One hypothesis might be as follows: Signalling through the TRIF-TRAM 

pathway induces the expression of type I interferons and the anti-viral response. The 

suppression of this pathway in early life may represent an evolutionary mechanism 
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designed to accommodate colonizing bacteria shortly after birth, and may contribute to 

the increased susceptibility of newborns to infection. In the absence of this signalling 

pathway, the MyD88 pathway may over-compensate, providing a short-lived burst of 

pro-inflammatory immunity in the absence of fully functional TLR pathways. Many 

pro-inflammatory cytokines are robust stimulators of T-cell growth and proliferation, 

which is consistent with observations that T-cell immunity in the neonatal period is 

markedly augmented. Further research into these pathways would be needed to support 

these assertions, and to determine whether this would have any pathological effects, for 

example in regards to the susceptibility to infection.  
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5.3.4 Differential expression analysis of developmentally regulated genes in 

allergics and non-allergics from birth to 12-months 

Next the phenotype class labels were included in the contrast matrix in order to perform 

statistical cross-comparisons. The data set were filtered for the most variable genes by 

selecting those that change by a minimum of 2-fold from birth to 12-months. A total of 

418 genes were changed by a minimum of 2-fold, and of these 312 genes were 

expressed by allergics, and 237 were expressed by non-allergics. The top 60 

developmentally regulated genes were ranked by fold-change in Table 5.5.  

 

Table 5.5 – Top 60 developmentally regulated genes. 
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Of these developmentally regulated genes, only those that changed significantly (Adj 

P.Value <0.05) between birth and 12-months were included in the differential 

expression analysis. The SAM test was employed to compare the list of age-related 

LPS-dependent genes between allergics and non-allegics.  Figure 5.20 shows the SAM 

test identified 15 genes as differentially expressed. 

 

  

Figure 5.20- SAM test for the comparison of developmentally regulated LPS responsive genes in 

allergics and non-allergics. The rows of the heatmap represent genes, the columns represent pooled 

RNA samples hybridized to microarray. Cells are colorized by level of expression. Only 50 genes are 

shown in the heatmap. The SAM plot shows the observed by expected distribution of the gene test scores.  
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The list of genes identified by SAM is annotated in the Table below. 

Table 5.6 – Annotation of SAM genes. 

 

Three targets were selected for validation, based upon their potentially interesting 

biological function. qRT-PCR was performed on all individuals at birth and 12-months. 

Both cord blood and 12-month experiments were assayed together and normalized to 

the housekeeping gene UBE2D2 to remove any batch effects. 

 

PCR analysis confirmed that the baseline levels of the two genes were differentially 

expressed between phenotypes. In Figure 5.21A, the expression of MARCH1 was down 

regulated from birth to 12-months in the allergic group (black bars), whist its expression 

was uniform over this same period in non-allergics. There was a trend for higher 

expression in allergic individuals at birth (5.21B, P=0.0591) and reduced expression at 

12-months (5.21C, P=0.0128). MARCH1 is a member of the ubiquitin ligases, and is 

induced by IL-10 in primary human monocytes. MARCH1 functions to down regulate 

the surface expression of MHC class II molecules in conventional DCs, and is thought 

to be a regulator of antigen-presenting capacity (343).   

 

The expression of VSIG4 was reduced in cord blood from the allergic group (5.21E 

P=0.040), although the age-related change in this gene was similar both phenotypes 

(5.21A). VSIG 4 is a receptor for complement component 3 fragments C3b and iC3b. 

This gene is expressed in resting macrophages and plays a role in the activation of the 

alternative complement pathway, and the negative regulation of T-cell responses. In a 

recently published study, the induced expression of VSIG4 in human DCs conferred 

tolerogenic properties (344), and this gene is thought to be important in the maintenance 

of T-cell unresponsiveness in healthy tissues (345). 
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Figure 5.21 Validation of developmental targets at birth and 12-months in allergics and non-

allergics. Data is presented as baseline gene expression normalized to the housekeeping gene UBE2D2. 

White bars represent non-allergics (n=21), black bars represent allergics (n=15). Statistics performed by 

Man Whitney U test. 

 

Although MARCH1 and VSIG4 have been described as monocyte genes, the expression 

of these genes was measured in purified populations of CD14+ cells, and the CD14 

depleted fraction. Resting monocytes were cultured alone for 12-hrs prior purification 

of CD14+ cells by magnetic bead sorting according to manufacturer’s instructions. The 

CD14+ and CD14- fraction were lysed with TRIZOL and RNA was purified. qRT-PCR 

was performed on both factions and gene expression was standardized to a calibrator 

gene. As shown in Figure 5.22, the bulk of the VSIG4 and MARCH1 signal derives 

from CD14+ cells.  
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Figure 5.22- Determination of the cellular source of MARCH1 and VSIG4 expression. Data is 

presented as absolute values normalized to the housekeeping gene from resting cell cultures.  

 

There are further targets identified here for validation in future studies and validation of 

all of these was beyond the scope of this thesis. PECAM1 (also known as CD31) plays 

a likely role in immune cell trafficking; MNDA is expressed only in cells of the myeloid 

lineage and may function as a transcriptional activator, and additional genes 

participating in the inflammatory and antioxidant-signalling cascades may also be 

differentially regulated.  
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5.4 Discussion 

The role of microbial signalling pathways has been of central interest in the rise of 

allergic disease. Variations in the development of innate immune function has now been 

clearly associated with the allergic phenotype (93), and there is preliminary evidence 

that the same pathways are operative in food allergy (33). In this chapter, innate 

immune function was studied in relation to the development of IgE food allergy. While 

our approach did not uncover a substantial number of differences in innate immune 

function in children with food allergy, some interesting findings were reported.  

 

Base-line levels of MARCH1 and VSIG4 were differentially expressed in resting 

monocytes from children who developed food allergy. Throughout the period of birth to 

12-months the age-dependent regulation of MARCH1 varied in children with food 

allergy, while remaining fairly uniform over the same period in non-allergic children. 

Previous studies have shown that MARCH1 down-regulates the expression of MHC II 

molecules on the surface of non-professional DCs and is important for maintaining 

them in a quiescent state (346). Stimuli that induce DC maturation stabilize surface 

MHC II molecules by inhibiting the ubiquitination of the I-A -chain (347) and this is 

accompanied by down-regulation of MARCH1; therefore, MARCH1 is thought to play 

a role in triggering immunity (348). The data therefore suggest the existence of potential 

abnormalities in antigen-presenting capacity and HLA-DR traffic in allergic children. 

Previous studies have reported variations in HLA-DR on the surface of neonatal 

monocytes is associated with allergen-specific immune responses (159) which is 

consistent with the data reported in the present study. 

 

VSIG4 was found to be elevated in neonatal monocytes from children who 

subsequently develop food allergy, although the age-related up-regulation of this gene 

from birth to 12-months was the same for both phenotypes. VSIG4 is highly expressed 

on the surface of resting monocytes, and is related to the B-7 family of co-stimulatory 

molecules. Interestingly, VSIG4 is reported to inhibit T-cell proliferation and IL-2 

activity and its expression is lost upon monocyte activation (345). Together the data 

suggests that resting neonatal monocytes from children who develop food allergy are 

intrinsically poised for less-efficient activation of T-cells. This is supported by 

observations from neonatal T-cell studies in section 4.1.  
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The developmental pattern of LPS-responsiveness from birth to 12-months followed a 

similar pattern previously described in the literature (162). The native response to LPS 

signalling during this period consisted of enhanced IL-6, TNF- , IFN-  and IL-1  cord 

blood responses followed by low response capacity in infancy, with little appreciable 

change in IL-12 production. The suppression of IL-12 production at birth and in infancy 

suggests the persistence of foetal regulatory mechanisms, which are believed to be 

important in protection of the placenta (177) perhaps continuing into early post-natal 

life. Furthermore the lack of IL-12 observed in response to TLR4 ligand binding also 

suggests the preferential induction of MyD88-dependent pathways in response to the 

stimulation protocol.  

 

The differences in gene expression reported in the present study were identified at 

baseline and we did not observe any specific defects in the transduction of LPS-

mediated signals through the TLR. As discussed previously, this may indicate that 

phenotypic-related differences in the TLR4/LPS pathway may be specific to the 

MyD88-independent pathway, which the data indicates were suppressed in all 

individuals between birth and 12-months. This is in contrast to a recent study in which 

DCs from children with milk allergy produce higher pro-inflammatory cytokines than 

non-allergics (33), which would indicate a defect in the MyD88 pathway. This study 

however measured accessory cell function in response to a crude milk extract that is 

likely to signal through different pathways.  

 

In conclusion, the present study identified variations in developmentally regulated gene 

expression in resting monocytes from children with food allergy. Further functional 

studies are needed to characterize the effects these differences may have on antigen 

presentation and accessory cell function. 
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6.0 GENERAL DISCUSSION 

This is the first exploratory microarray study to profile key pathways in both the innate 

and adaptive immune system from children who develop IgE-mediated food allergy. 

The key findings are summarized in section 6.1 and discussed in the context of the aims 

and hypothesis of this study. The significance of these findings are interpreted in the 

context of the wider literature in section 6.2, and section 6.3 addresses the limitations of 

this study. Section 6.4 discusses implications for future experiments to build upon the 

work here, and concluding remarks are provided in section 6.5. 

 

6.1 Summary and discussion of key findings 

The general hypothesis of this study was that differences in immune function between 

allergic and non-allergic children would precede the development of clinical IgE food 

allergy, and provide insight into the pathways that may be involved in the early 

pathogenesis of disease. The aim of this study was to develop a genome-wide 

microarray experimental strategy to identify candidate genes and gene pathways that are 

related to altered immune cell function, and may be fundamental in the development of 

IgE food allergy. In section 3, the experimental methodology was developed and the 

approach evaluated before investigating in vitro models of adaptive T-cell function, and 

innate immunity.  

 

Consistent with the hypothesis that the initiating allergic immune responses would be 

present before the clinical onset of disease, functional studies of cellular immunity in 

the neonatal period revealed relative differences in T-cell function in the allergic group. 

This was characterized by a diminished capacity to synthesize Th1 (IFN- ), Th2 (IL-5, 

IL-13) and regulatory cytokines (IL-10) to allergen stimulation; and a reduced ability to 

proliferate following polyclonal activation of the T-cell receptor. Attenuation of 

neonatal T-cell function has been documented in previous studies (158, 289) and is 

thought to represent a maturational defect in the T-cell compartment. Initial immune 

responses to environmental allergens in children with a genetic risk (family history) of 

allergic disease are typically characterized by this ‘deficiency’ in T-cell function (308), 

and it is thought that this attenuated response alters the rate of turnover of naïve T-cells 

to memory cells during postnatal development; however, the mechanism underlying this 

maturational defect has never been characterized. In chapter 4.0, the molecular basis for 
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this T-cell signalling defect was investigated by microarray, by activating the TCR 

receptor with a monoclonal antibody and purifying CD4+ T-cells. Notably, the 

experimental protocol was designed to preferentially select memory T-cells, which 

respond to low-level TCR activation, and we studied intrinsic differences in CD3 

function between the food allergic and non-allergic phenotypes.  

 

Differential analysis of the neonatal response profiles from allergics and non-allergics 

indicated several candidate genes that were down regulated in purified CD4+ T-cells in 

the allergic group. Validation of these targets in individual cDNA samples confirmed 

that RELB, NFKB2, LIF and FAS were significantly reduced in children who 

subsequently develop food allergy, and a consistent trend for down-regulation was also 

noted for NFKB1 and NFKB1A. Taken together, the data suggests that the nature of the 

maturational defect in the T-cell compartment may be linked to the suboptimal 

regulation of the NF B family of transcriptional co-activators, which play a critical role 

in the organisation of the TCR-mediated signal transduction cascade that couples the 

receptor to the transcription of IL-2. 

 

The NF- B/REL family of transcription factors play a central role in coordinating the 

expression of a wide variety of genes that control immune responses. The mammalian 

family of NF- B genes has several members including RELA (p65), NFKB1 (p50; 

p105), NFKB2 (p52; p100), c-REL and RELB (335) that form homo or heterodimeric 

complexes. Whilst these molecules are widely expressed, RELB, which forms a 

complex with NFKB1 or NFKB2 is restricted to specific regions of the thymus, lymph 

nodes and Peyer’s Patches (335) and therefore has an important role in T-cell 

development and function. Mice that lack individual NF- B proteins have defects in T-

cell proliferation, activation, cytokine production and B-cell isotype switching (349). 

Proliferative defects have also been observed in experimental models in which 

suppression of NF- B during T-cell development is coupled to the activity of the TCR. 

Although the precise mechanism is unknown, the failure to activate STAT5a in this 

model has been implicated (350).   

 

The current consensus is that NF- B proteins regulate lymphocyte development through 

effects on proliferation and cell survival (335, 337). These proteins may therefore be 

critically important during thymocyte selection, when the affinity of TCR-MHC signals 

determine cell fate. Importantly, NF- B is also involved in the development of Th1 
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responses. Transgenic mice whose NF- B/Rel signalling pathway is inhibited in T-cells 

develop Th2-dependent immune responses to OVA. Production of IL-18 and IFN- , 

which are required for the function of Th1 cells, are dependent upon NF- B (351) and 

inhibition results in a reduced production of IFN-  after TCR stimulation (352). 

Therefore inhibition of NF- B can lead to preferential impairment of developing Th1 T-

cell responses.   

 

In the absence of detailed functional studies the precise role of these candidate genes 

cannot be determined, however inappropriate activation of the NF- B proteins has been 

linked to inflammatory events as well as inappropriate immune cell development and 

delayed cell growth, and therefore these genes are biologically plausible 

(www.ncbi.nlm.gov/gene). LIF, a pleiotrophic cytokine is involved in the induction of 

hematopoetic cell differentiation may have a role in immune tolerance at the maternal-

foetal interface (provided by RefSeq). FAS has been shown to play a role in transducing 

proliferation signals in T-cells and has also been shown to activate NF- B (RefSeq). Of 

interest is the well-known fact that NF- B is one of the pivotal regulators of PTGS2, 

which did not quite reach statistical significance by PCR, but was identified in early 

analysis as a candidate gene and had a clear trend for down-regulation in the allergic 

group (P=0.008).  

 

Although we measured a difference in the expression of these genes, NF- B is not 

synthesized de novo (335) and therefore it is possible that up-stream events, possibly 

occurring earlier than the time-point measured here may be responsible for the observed 

reduction in NF- B expression. A logical candidate would be the protein kinase C 

(PRKC) molecules, which are rapidly translocated to the plasma membrane following 

TCR activation, and promote the induction of NF- B complexes (353). An essential 

role for PRKC  in the induction of NF- B has been demonstrated in knock-out mice 

who display a deficiency in IL-2 production (354). More recently a role of PRKC  in 

the control of NF- B transcriptional activity has also been described (355) and recent 

studies have identified this gene as a potential marker of allergic disease in cord blood, 

with low levels predicting infant allergic disease (199). These findings therefore justify 

further profiling of the TCR activation pathways, possibly adopting a time-course 

design to further characterize the pathways upstream of NF- B induction.  
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How these altered immune responses observed in the neonatal period are related to the 

subsequent development of allergic disease in infancy is not clear. Functional studies 

carried out at 12-months indicate that recall-responses to dietary and inhalant allergens 

consisted of elevated Th1 (IFN- ) and Th2 (IL-5, IL-13) cytokine production in children 

with established disease (Chapter 4.2). This pattern of recall responses in primary 

cultures is consistent with previous reports from children with egg allergy in the 

literature (32). The generalized ‘hyper responsiveness’ observed in allergic children 

suggests dysregulation of tolerance.  

 

Microarray profiling of CD4+ T-cell at 12-months also identified genes differentially 

expressed genes in the allergic population, namely MT1A and LAIR2. Although the 

role of these genes in the T cell ‘hyper responsiveness’ seen at this age is not clear, it is 

logical to speculate that they may be important in the maintenance of tolerance. MT1A 

binds metal ions thereby reducing oxidative stress, and has been shown in experimental 

rat models to be protective against the formation of inflammatory gastric ulcers in the 

gut. The role of oxidative stress in chronic inflammatory disorders has now been well 

documented in previous studies (195, 205) and antioxidant therapy for chronic disorders 

remains an attractive prospect for non-invasive treatment. Furthermore, studies suggest 

oxidative stress in the gastric tissue may be linked to a leaky gut (339), which may play 

a key role in the development of sensitization to dietary antigens that enter the 

circulation.  

 

LAIR2 (CD306) is a secreted protein postulated to play a role in modulating mucosal 

tolerance. LAIR2 binds LAIR1, an inhibitory receptor that attenuates immune cell 

function (322). Such inhibitory receptors expressed on T-cells are required to terminate 

an immune response and prevent excessive immune reactions. Many immune cells are 

known to express multiple inhibitory receptors, however, the mechanisms of regulation 

of these receptors are less well defined. 

 

LAIR2 is a natural competitor for LAIR1, is mostly transcribed by CD4+ T-cells (321) 

and also produced in high levels in vivo during pregnancy. LAIR2 is thought to regulate 

the activity of LAIR1 by preventing binding of LAIR1 to collagens and cross-linking in 

vitro. LAIR2 plays a role in fine-tuning the inhibitory function of LAIR1 on the surface 

of CD4+ T-cells, and may function as an inflammatory mediator by decreasing the 

inhibitory potential of LAIR1 resulting in more highly activated T-cells (322). 
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The expression of inhibitory receptors can differ on various immune cell types and their 

expression is known change upon cellular activation (356), providing a mechanism of 

fine-tuning the cellular activation response. These receptors can be generated by several 

means, however I propose that alternative splicing of mRNA transcripts plays a major 

role in the case of LAIR2, since the expression of several isoforms was readily 

detectable. 

 

In this study qRT-PCR confirmed that LAIR2 expression was reduced in CD4+ T-cells 

from children with food allergy suggesting an attenuated capacity to bind the inhibitory 

LAIR1 receptor, which may result in ‘less-responsive’ T-cells. The microarray data 

supports this since we detected a markedly reduced number of genes activated in 

response to anti-CD3 stimulation in CD4+ T-cells from children with food allergy. 

Although we were limited by cell number in follow-up experiments at 12-months and 

could not collect proliferation data relevant to the anti-CD3 stimulus, further studies of 

IL-2 functionality and T-cell proliferation assays would provide more detail about the 

functional consequences of this.  

 

Another important aspect of this study was to profile the innate immune response to 

LPS. Since APC are believed to play such a central role in determining the pattern of T-

cell differentiation, we examined the LPS response in vitro at birth and 12-months. No 

differences in cytokine production at birth or at 12-months were detected in these 

experiments, and therefore it was unsurprising that we did not detect many differences 

in gene expression on the microarray. Reports of differences in cytokine production to 

LPS in the development of allergic disease are conflicting. Some reports indicate no 

differences in LPS responses in the neonatal period between high and low risk infants 

based upon family history (163). Others have documented clear differences in the 

production of IL-6 and TNF-  (33, 93, 148). This discrepancy may be explicable in part 

by the use of different stimulation protocols and in vitro cell culture methodology, or, 

alternatively, may be due to population differences related to immune function, since 

the population examined here consisted entirely of children with IgE food allergy, 

whilst other studies of neonatal innate immune function focus on ‘risk’ (ie sensitization, 

family history)(163, 357) or children with asthma and dermatitis (93, 358). Therefore, 

the underlying immune mechanisms may differ and so too may the immune responses.  
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In the present population, the development of food allergy was associated with a 

difference in the ontogeny of IL-10 and TNF-  production following LPS stimulation 

between allergics and non-allergics. This finding is supported by a very recent study by 

Tulic et al (93) who reported striking differences in the ontogeny of IL-10, IL-1  and 

TNF-  responses from birth to 5 years. Therefore these results suggest a role for in 

utero gene-environment interactions that modify postnatal immune development and 

contribute to the risk of allergic disease.  

 

Gene-environment interactions in the early postnatal period also have the potential to 

alter the trajectory of developing innate immune responses. Microarray studies of the 

LPS response identified two candidate genes, MARCH1 and VSIG4 that were 

differentially expressed over time in children with food allergy and were associated 

with altered IL-10 and TNF-  production. These genes were found to be important 

during the development of innate immunity, as the microarray indicates a minimum of 

2-fold increase in expression between birth and 12-months.  

 

MARCH1 baseline levels were found to be elevated in the cord blood of monocytes 

from children who subsequently develop food allergy. Furthermore, baseline expression 

at 12-months was found to be reduced in children with food allergy. MARCH1 is a 

member of a broader family of ubiquitin ligases, and studies have shown that MARCH1 

down-regulates the surface expression of MHC II molecules from the cell surface, 

thereby weakening the antigen presentation capacity of immature DCs, maintaining 

them in the steady state (359). Dysregulation of MARCH1 in resting monocytes may 

have functional consequences for subsequent priming of T-cell responses. Functional 

APC immaturity is believed to be a key factor contributing to the propensity to develop 

inappropriate T-cell responses in the early postnatal period associated with allergic 

disease (155). The current finding suggests that dysregulation of MARCH1 may play an 

important role in the development of aberrant T-cell responses, and therefore warrants 

ongoing studies in this area.   

 

VSIG4 was also differentially expressed over the perinatal period in the allergic group, 

and was significantly elevated at birth. Interestingly, VSIG4 is a B7 family-related 

protein, of which B7-2 is regulated by MARCH1. The B7 family of proteins are 

generally up regulated in response to inflammatory signals and provide co-stimulation 

to T-cells. CD80/86 are two well-known members of the B7 family. VSIG4 however, 
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has been found to have a different expression pattern; it is highly expressed on resting 

peripheral tissue macrophages and down regulated upon activation (345). VSIG4 

provides inhibitory signals to T-cells and down-modulates their activity, and little 

expression is found on macrophages in the lymphoid tissue. This indicates the main 

functions of VSIG4 may not be the down regulation of an ongoing T-cell response, 

rather the prevention of T-cell activation in the healthy peripheral tissue (345). Upon 

challenge, VSIG4 is down-regulated on macrophages allowing for optimal T-cell 

responses, and it has been suggested that VSIG4 may therefore be involved in the 

maintenance of peripheral tolerance/non-responsiveness (345), since resting DCs are 

known to induce T cell tolerance rather than activation (360). Together, the data suggest 

dysreguation of MARCH1 and VSIG4 on resting APC may disrupt T-cell mechanisms 

of tolerance, modifying T-cell responses in the early postnatal period.  

 

6.2 Significance of the findings of this study and implications for future 

research 

This work has characterized for the first time, genes which may play a role in the 

initiating mechanisms of modified immune responses associated with the development 

of early allergic disease. There has been relatively little research into the immune 

mechanisms underlying food allergies, which are typically among the earliest 

manifestations of the allergic phenotype, and therefore a logical target for gaining 

further insight into the causal pathways of allergic disease.  

 

This study provides clear evidence that the initiating mechanisms of allergic disease 

affects multiple aspects of immune development and places a firm emphasis on in utero 

interactions between genes and the environment which can modify immune responses in 

the perinatal period. These effects contribute to the risk of allergic disease; as we have 

documented here, maturational defects in innate and adaptive pathways in neonates who 

subsequently develop allergic disease are related to the development of excessive recall 

responses to dietary antigens in infancy, through effects on mechanisms of tolerance.  

 

Food allergies reflect a failure of mechanisms that regulate specific oral tolerance, and 

normally suppress the emergence of allergen-specific CD4+ Th-2 cells. As mentioned 

previously, a number of key immune cell subsets are involved in the establishment and 

maintenance of oral tolerance. Of these subtypes, APC play a critical role in 
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determining subsequent T-cell responses during routine immune surveillance. 

Furthermore, the potential for APC to ‘program’ subsequent T-cell responses mean they 

are critical regulators of mucosal immunity. 

 

The expression of MHC class II on the surface of APC plays a key role in determining 

the type of T-cell response primed during DC/T-cell interactions. Our data identifies for 

the first time a role for dysregulated MARCH1 expression in the period form birth to 

12-months in resting monocytes from children who develop food allergy. It is tempting 

to speculate that the consequence of dysregulated MARCH1 expression in circulating 

monocytes might reduce the efficiency of normal immune surveillance and affect 

mechanisms of antigen presentation, and modify allergen-specific immune responses. 

Future experiments should examine the expression of HLA-DR on the surface of 

circulating monocytes and measure the type of T-cell response elicited by allergen 

challenge. This finding suggests the maturity of neonatal monocytes and their response 

to external stimuli are linked to differing patterns of T-cell reactivity at birth, and the 

subsequent risk of allergic disease in childhood. The functional T-cell data collected in 

chapter 4.0 supports this. In addition, these results are consistent with an earlier study in 

which reported lower neonatal expression of HLA-DR on the surface of unstimulated 

cord blood monocytes in children who developed subsequent symptoms of atopic 

disease (159)  

 

In addition to the role of MARCH1, VSIG4 was found to be elevated from birth to 12-

months in unstimulated monocytes from children with food allergy. This novel finding 

further suggests the baseline profile of circulating APC in children with food allergy is 

hard-wired to elicit suboptimal antigen presentation and T-cell activation. Together 

these mechanisms are likely to contribute to the risk of allergic disease via the 

modification of the normal pattern of immune responses in early life, and are likely to 

alter T-cell responses during the establishment of tolerance to external allergens.  

 

In the absence of sufficient signals from APC, naïve CD4+ T-cell precursors may 

undergo clonal deletion, or may be induced to differentiate into stable population of 

anergic cells incapable of mounting a robust proliferative response. Microarray analysis 

of CD4+ T-cell at birth and at 12-months consistently show a reduced number of genes 

mobilized in the anti-CD3 response, and we documented a reduced capacity at birth to 

proliferate in response to this stimulus. Together, the data suggest that T-cells in 
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children who develop food allergy have a higher activation requirement, are less 

responsive to external signals, which may have implications for the subsequent 

development of T-cell phenotypes during postnatal maturation in the periphery. It may 

be possible that NF- B plays a role in the reduced ability of CD4+ T-cells to activate 

upon binding of the receptor, although we found these genes to be reduced at birth, not 

12-months, suggesting this molecular pathway may be important during the prenatal 

period.  

 

In the postnatal period, reduced expression of LAIR2 and MT1A may play a more 

relevant role during the establishment of peripheral tolerance in early infancy. The 

establishment and maintenance of tolerance requires the contribution from a number of 

different T-cell types, and therefore the correct maturation of T-cell phenotypes in the 

early postnatal period is likely to be important for determining the subsequent outcomes 

of tolerance. The T-cell subsets that develop following activation and clonal expansion 

are determined by the strength of the stimulus, the ability of the T-cell to respond, and 

ambient signals from the tissue microenvironment. The role of LAIR2 and MT1A in 

these processes are unknown, however the available data suggests reduced expression 

of these genes may reduce the capacity of T-cells to control the activation response, 

which is likely to have consequences for the progeny T-cells that arise during 

termination of the immune response. Whether this is directly related to the outgrowth of 

Th2 cells and the establishment of long-lived allergen-specific Th2 cells is a question 

that warrants future investigation.  
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6.3 Limitations of this study 

This was an exploratory study aimed at utilizing a genome-wide screening approach to 

identify logical candidate genes involved in the pathogenesis of food allergy. It was not 

intended to provide detailed and definitive information about the mechanisms 

underlying the development of tolerance, and the risk for allergic disease. Microarrays 

are useful tools to screen for potential candidates, and these studies are designed to 

precede detailed mechanistic studies of valid candidates. As mentioned previously, this 

study was not intended to address the precise role of the candidate genes identified here, 

and it is only possible to speculate as to a likely role based upon what is already 

published. Despite this limitation, the study has provided useful information about 

potentially interesting biological pathways that may be critical in the initiating 

mechanisms of allergic disease. 

 

Importantly, these pathways need to be validated in an independent cohort prior to the 

undertaking of further detailed studies.  Such validation in an independent cohort would 

facilitate the refinement of further gene pathways for detailed mechanistic studies.  

 

In studies of adaptive immunity (chapter 4.0), we used a polyclonal anti-CD3 stimulus 

to profile the T-cell activation response, opting for low dose stimulation at a threshold 

that preferentially activates memory T-cells. Previous studies have shown the activation 

threshold for memory T-cells is orders of magnitude lower than naïve T-cells (292, 

297). It was not feasible to profile the recall response to allergen stimulation by 

microarray as, due to the very low frequency of allergen-reactive T-cells in infants; we 

were unable to generate robust responses sufficient for microarray. It is acknowledged 

here that the antigens used in functional studies of adaptive immunity (OVA, HDM, 

SEB) differed from the stimulus used to generate the microarray data. The pattern of 

cytokines produced to anti-CD3 was not different between phenotypes, although we 

reported a clear difference in allergen-stimulated responses, which reflects differences 

in the generic (CD3) versus memory (OVA) response. It was necessary therefore to 

interpret the data within the context of what is known about the mode of action of these 

different stimuli, and to draw logical conclusions about how the differences measured 

on the microarray might relate to the functional data collected in allergen-stimulated 

cultures.  
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We studied the TCR activation program in purified populations of CD4+ T-cells 

isolated after stimulation of the CD3 receptor. Although our approach identified some 

very interesting pathways in the TCR signalling response that were associated with 

altered immune development, further work is needed to address the contribution from 

central/effector/transitory memory CD4+ T-cell phenotypes. In chapter 5.0 we were 

unable to isolate purified monocytes in sufficient numbers for microarray, instead 

profiling the gene response in PBMCs to identify candidates. The origins of these 

candidates were followed-up by PCR in cell-separation experiments; however it is 

possible we compromised sensitivity on the microarray.  

 

The limitations of using in vitro cell culture models to study in vivo immune functions 

are recognized, however the current state of technology and ethical considerations 

necessitated the use of in vitro methods. Despite this limitation, our methodology was 

developed to minimize any artificial effects caused by long periods of in vitro cell 

culture, or effects caused by non-physiological levels of cell stimulation. We took 

measures to limit experimental variability. Subjects were cultured in a case-control 

design and where possible all efforts were made to use the same batch of stimuli and 

cell culture reagents. Cell culture quality control measures were regularly assessed to 

ensure consistency between experiments performed in cord blood, and follow-up studies 

at 12-months. Any spurious data outside strict QC parameters were excluded from 

analysis. All efforts were taken to ensure RNA quality was of the highest achievable 

standard prior to microarray studies. Several QC metrics were used to assess the quality 

of microarray data and to ensure consistency between experiments. Individual RNA 

samples were randomized prior to RT-PCR techniques to avoid any batch effects. The 

real-time PCR runs were automated using a liquid handling robot to reduce variability 

between PCR runs.  

 

Cryopreservation of cells before cell culture was necessary in a study such as this, as it 

would be virtually impossible to use fresh cells as the experimentation was highly 

complicated.  

 

Biological variability within the cohort is recognized as a potentially significant 

confounder in this study. It was not possible to account for gender-related differences in 

such a small cohort. Furthermore, following the 1-yr outcome children in the allergic 

group displayed differences in the rate of acquisition of tolerance, suggesting subtle 
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underlying differences in immunity within the population. The population of children 

with food allergy varied, with some allergic to egg, some milk and others peanut. 

Previous studies have shown the natural history of these different food allergies differs, 

suggesting the underlying immune-phenotype varies subtly between them. For these 

reasons an independent cohort would be necessary to validate the genes identified here.  

 

Despite these limitations, the overall approach was successful in achieving the primary 

aims of the study, and this thesis has identified a number of interesting candidate genes 

associated with the development of IgE food allergy.  

 

6.4 Directions for future research in this area 

The dramatic rise in food allergies over the past 15 years continues to pose a significant 

health problem for children in developed nations, with global implications for 

developing nations undergoing progressive urbanization. Further resources need to be 

directed toward understanding the mechanisms behind the failure of oral tolerance 

networks to control the emergence of Th2-mediated IgE responses to food allergens. 

This study has identified genes and gene pathways that may be implicated in the 

modification of normal immune responses at birth, contributing to the risk of allergic 

disease. It provides a strong case for ongoing genomic work in this area, and 

recommendations for future research are provided below. 

 

Systems biology approaches to the study of complex disease are likely to push the 

frontiers of research in this area of cellular biology. Understanding the behaviour and 

function of immune cells requires an approach that considers the multiple levels at 

which the genome is regulated, including genetic, genomic and epigenetic. This study 

has identified genes, which are differentially expressed in both innate and adaptive 

immune pathways in children who develop food allergy. Further characterization of the 

mechanism by which these genes are down regulated is needed. 

 

A significant portion of genomic data extends beyond the primary sequence 

information. A complete evaluation of the genome-wide landscape needs to be 

considered in future studies of gene regulation including epigenetic characteristics, as 

well as the contribution from alternative splicing of pre-mRNA events and regulation by 

micro RNAs (miRNAs). Cross-platform experimental workflows are now being 
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developed for these purposes, and new bioinformatics approaches allow the full extent 

of genomic interactions to be modelled.  

 

The latest in genome-profiling experimentation should now begin with the simultaneous 

extraction of RNA, miRNA and DNA from cultured cells and tissues. Qiagen have 

released an excellent all-prep kit, which allows for the simultaneous collection of both 

DNA and total mRNA from cell samples. Ambion also provide excellent kits for the 

extraction of miRNAs, and future research should aim to integrate these methodologies.  

 

Yields of genomic material can now be increased with pre-amplification kits in the case 

of low starting cell numbers. In general, harvested DNA from low cell numbers is 

generally in sufficient quantities for down-stream epigenetic techniques, and purity is 

rarely a problem. Obtaining pure RNA and miRNAs in sufficient quantity and quality 

for gene expression analysis can be a rate-limiting step. Pre-amplification kits can 

circumvent these problems although one must consider the potential to artificially bias 

the results with such kits, as some transcripts will be more readily amplified than others.  

 

DNA methylation can be evaluated on genome-wide scales using Illumina or Sequenom 

platforms. Histone association with DNA can be assessed using chromatin immuno-

precipitation techniques. Genome-wide single nucleotide polymorphism (SNPs) 

platforms allow the underlying genetics to be interrogated. Gene expression can now be 

more efficiently evaluated with next-generation Affymetrix chips (Human Exon Chips) 

that probe for alternatively spliced as well as full-length transcripts. Platform 

technology has been developed to assess the role of miRNAs.  

 

It remains essential that functional data must be obtained in these experiments to 

complement information about the regulation of gene expression. Integration of 

multiple levels of genetic and genomic data will help identify valid biomarkers as key 

genes will be identified across several of these platforms. To date, biomarker discovery 

has been a rate-limiting step in translating genome-wide experimentation into 

therapeutic strategies. Mostly this is due to the limitations of platform-based 

technologies and the challenges in interpreting large-scale data sets.  

 

Future studies where possible should aim to characterize IgE food allergy on the basis 

of oral challenge, which is the gold standard. To limit biological variability, an ideal 
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cohort would consist of children who followed a similar course of allergic immunity 

and resolution of symptoms. Stratifying groups by time-to-resolution would facilitate a 

fascinating study into the mechanisms of tolerance and groups could be compared with 

controls in a longitudinal manner during the process of resolution.  

6.5 Concluding remarks 

This study has identified several genes and pathways associated with the aetiology of 

IgE-mediated food allergies. Various aspects of immune development were studied here 

that were relevant to the pathogenesis of allergic diseases and possibly other diseases 

associated with immune dysregulation in early life.  

 

The burden of food allergy and many other immune diseases among young infants is 

dramatically rising, and it is apparent that early influences are contributing in some way 

to the growing number of children afflicted with disorders of the immune system. 

Accordingly, the interaction between genetics and early-life environmental exposures 

such as dietary exposures, microbes and other life-style exposures has the potential to 

alter the normal course of immune development, and the risk for developing allergic 

disease. Although it is well accepted the rise in allergic disorders is a “Th2”-mediated 

disease it is clear from the work in this thesis, as well as other published studies, that 

various aspects of immune development are affected. These generalized effects on the 

immune system, brought about by recent changes in the environment highlights the 

need to further characterize the genes and molecular pathways that are responsible for 

changes in the normal activity of immune cells. Mapping these pathways will provide 

the fundamental basis for the failure of immune mechanisms that promote the normal 

development of tolerance, and the protection from pathogenic infection.  

 

In conclusion, this study provides the framework for more extensive gene profiling of 

key immune processes central to the aetiology of allergic disease. As the gene array 

technology and next-generation platforms become more available and affordable, the 

rate of discovery will exponentially improve. Cross-platform studies of genomics, 

microRNA gene regulation and epigenetics will translate basic research into valid 

biomarkers. The discovery of robust biomarkers will surely inform intervention 

strategies designed to promote tolerance, and assist the development of new therapeutic 

and preventative strategies to alleviate the burden of allergic disease. 
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Appendix 1: Quality control metrics from microarray 

experiments 

To ensure the highest quality data, microarray experiments were subject to stringent QC 

metrics. These metrics included the following:- 

1. Assessment of RNA quality prior to Affymetrix labeling 

2. QC assessment of labeling controls and signal distribution 

3. Sample clustering to detect outlying samples 

 

1) RNA quality was assessed on the Agilent 2100 Bioanalyzer, using the Agilent Nano 

6000 Lab on a chip system (Agilent technologies, Australia) prior to labeling for 

microarrays (Figure 7.1). RNA samples were denatured at 70 C for 2min prior to dye-

loading and electrophoresis. RNA integrity was determined by RIN number (RNA 

integrity) analysis provided by the Bioanalyzer software. Samples were rejected if RINs 

were below 7.0.  

 

Figure 7.1- Agilent Bioanalyzer RNA QC analysis. Samples are from the cord blood 

T-cell experiments. 28S, 18S and 5S ribosomal subunits are indicated on the gel.  
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2) Assessment of labeling and hybridization quality was performed using the 

Expression Console software from Affymetrix. Raw .CEL image files were imported 

into Expression Console and probe-set summarization and normalization was performed 

using the standard iterative-PLIER algorithm with sketch-quantile normalization as 

detailed in chapter 3.0. Assessment of the area under the curve (AUC) metric was the 

first line of quality control (Figure 7.2). All AUC curves were between 8.0 and 10 

which is the recommended QC indicating sufficient discrimination between signal and 

noise. 

 

Figure 7.2- Area under the curve (AUC) QC line metrics. Each microarray chip is represented as a 

point. The values represent the detection of positive controls against the false detection of negative 

control probe sets. A:- T-cell cord blood microarrays B:- T-cell 12-month microarrays C:- LPS cord 

blood miroarrays D:- LPS 12-month microarrays. 
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The relative log expression (RLE) for which is the signal of each chip relative to the 

median signal value of all chips in this set was compared in all samples as shown below 

(Figure 7.3). The reader will notice the middle chip in the cord blood LPS (Figure 7.3C) 

experiment has a broader signal distribution than other chips, and has a median value 

below its counterparts. This chip was flagged for further analysis. The expression of 

several LPS-related genes (CD14, IL1b, IFNG, IL2R, IL6, IL10) was plotted directly 

from the data in Microsoft excel and we did not find that this chip differed beyond 

normal biological variability. We also ran sample clustering based on total gene 

expression, the top 1000 and top 2000 most variable genes and did not find this chip to 

be outlying, therefore it was included in downstream data analysis.  

 

 

Figure 7.3- Relative Log Expression (RLE) QC metrics. The mean absolute relative expression of all 

probesets was plotted for each microarray experiment. This is a useful metric to detect outlier arrays. A:- 

T-cell cord blood experiments B:- T-cell 12-month experiments C:- LPS cord blood experiment D:- LPS 

12-month experiment. 
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3) Hierarchical clustering was performed on all samples in each experimental set using 

the average linkage method. The clustering algorithm is expected to group microarrays 

according to the treatment effect (stimulated or unstimulated). As discussed in chapter 

5.0, this was not always the case for the 12-month LPS microarray experiments. The 

clustering procedure demonstrates the effect of the experimental treatment and is useful 

for identifying mislabeled samples.  

 

Figure 7.4 – Sample clustering to detect outlier chips. Hierarchical clustering of microarray samples 

from each experiment. Sample labels as follows: CD3 / LPS denotes the experiment. S:- Stimulated, C:- 

Unstimulated. NA:- non-allergic, A:- allergic. A:- T-cell cord blood experiments B:- T-cell 12-month 

experiments C:- LPS cord blood experiment D:- LPS 12-month experiment. 
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Appendix 2 BUFFER RECIPIES 

 

PBS 

40g   NaCl 

1g  KCL 

5.75g  Na2PO4 

1g  KH2PO4 

 

PBS – Citrate (0.6%) 

500mls  1x PBS 

3g  tri-sodium citrate dihydrate 

 

PCF 

50mls  PBS-Citrate 

1ml  FCS (heat inactivated) 

 

PCFD 

5mls  PCF 

50ul  DNAse (1mg/ml) 

 

PBS-BSA (1%) 

100mls  PBS 

1g  BSA 

 

 

 


