
 

Identification of novel genes associated with 

allergen-driven T cell activation in human 

atopics 
 

 

 

Anthony Bosco 
 

 

 

This thesis is presented for the degree of  

 

Doctor of Philosophy  

 

 

 

University of Western Australia 

 

School of Paediatrics and Child Health  
 

 

2006 



 

 ii

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2006 

by 

ANTHONY BOSCO 

All Rights Reserved 

 

 

 



 

 iii

DECLARATION 

 

The work presented in this thesis was performed solely by the author except where 

contributions from others have been acknowledged, and has not been submitted previously 

for any other degree.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 iv

ABSTRACT 

Atopic diseases such as asthma are thought to be driven to a significant extent by 

T helper memory cells which are programmed to respond in a harmful way to 

environmental allergens (e.g. house dust mite). Previous studies in humans and in animal 

models have established that activation of TH2 cytokine genes in T memory responses to 

allergens is central to the disease process. However, only a subset of atopics harbouring a 

TH2-memory response phenotype manifests clinical symptoms of disease. Moreover, 

clinical trials with TH2 antagonists in atopic patients have proven disappointing, suggesting 

underlying complexities in disease pathogenesis which escape regulation via these 

approaches. It was thus hypothesised that additional genes involved in the activation 

program of allergen-specific T memory cells which are central to disease pathogenesis 

remain unidentified. The aim of the current study was to identify such novel genes by 

applying microarray technology to survey genome-wide expression patterns in an in vitro 

model of allergen-driven human T cell activation. 

In contrast to previous human microarray studies in this area focusing on mitogen 

activated T cell lines and clones, the current study avoided the use of strong activation 

stimuli which have the potential to distort patterns of gene expression, and reports for the 

first time the findings of microarray analysis of house dust mite allergen-driven acute gene 

activation in recirculating T memory cells harvested from the peripheral blood of human 

atopics. Microarray was used as a screening tool initially to identify logical candidates for 

more detailed analysis in additional panels of subjects employing the more precise 

technology quantitative real time polymerase chain reaction.  

Kinetic analysis of allergen-driven gene expression patterns in peripheral blood 

mononuclear cells (PBMC) identified two distinct phases of gene expression which were 

significantly elevated in the response profiles of the atopics relative to responses in 

nonatopic controls. The first phase comprised several TH2 memory-associated  (IL-4, IL-

4R) and novel genes (DACT1, DPP4, GNG8, MAL, NDFIP2, NSMCE1, RAB27B) 

involved in signalling, followed by a later wave of genes mainly involved in TH2 effector 

function (IL-5, IL-9, IL-13) as well as additional regulatory genes (CISH, IL-17RB). 

Analysis of gene expression patterns in T cell subsets purified from allergen-stimulated 

PBMC established the CD4 and CD8 T cell origin of the novel gene expression signals, and 

further demonstrated that expression of the novel genes was generally of a higher intensity 
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and more consistent in the CD4 compartment. Several additional novel atopy-associated 

genes (CAMK2D, PECAM1, PLXDC1, SYTL3) were also identified and validated in these 

purified T cells. The nature of the allergen-specific responses in the nonatopic subjects was 

identified as an attenuated or “modified” TH1 response lacking a TH2 component.   

Analysis of gene expression patterns driven by a panel of conventional T cell 

activation stimuli demonstrated that a subset of the novel TH2-associated genes including 

DACT1 and MAL were upregulated by physiological T cell activation stimuli such as 

allergens and bacterial superantigens, but remained quiescent in non-physiological T cell 

responses driven by potent mitogens, accounting for their failure to be detected in earlier 

published microarray studies.  

Gene expression patterns were then examined in allergen-driven CD4 T cells from 

atopics with or without asthma to identify transcriptional hallmarks of the immune response 

phenotype associated with the asthmatic state. These experiments demonstrated that a vast 

but comparable array of effector molecules were synthesised by T cells from both groups. 

However, some differences were also identified in the response profiles of T cells from 

atopics with or without asthma, justifying further experimentation in more highly powered 

studies. 

Finally, methodology was established to investigate the function of the novel atopy-

associated genes. In loss-of-function experiments, expression of DACT1 and CAMK2D 

was silenced in primary T cell responses driven by bacterial superantigens, a model system 

for studying T cell responses under conditions which mimic antigen-specific activation. 

Whilst silencing DACT1 and CAMK2D expression did not influence classical readouts of 

T cell function including proliferation and cytokine production, microarray profiling was 

employed to identify putative downstream transcriptional targets of each gene. The 

experimental strategy and optimised methodology presented herein can now be employed 

to investigate the molecular circuitry linking the novel atopy-associated genes to the T cell 

activation process.  

In conclusion, several novel genes associated with allergen-driven T memory 

responses in atopics have been first described in this thesis and represent logical candidates 

for more detailed immunological and genetic studies related to the pathogenesis of atopic 

diseases. 
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1.1 Atopy, allergy, allergens  

Atopy is a state of hypersensitivity to ubiquitous environmental antigens (allergens) in 

genetically predisposed individuals 1. The term allergy was initially intended to describe 

both harmful and beneficial immune responses, but now it is used interchangeably with 

atopy to describe IgE-mediated diseases 2. The production of allergen-specific IgE, a 

positive skin prick test (SPT+) reaction to allergen extracts, and raised total serum IgE 

levels are all hallmarks of the atopic phenotype 3.  

 

Common inhalant allergens include proteins from dust mites, cockroaches, fungi (eg. 

Alternaria, Aspergillus), pollens, and animal dander 4. Allergens are generally described as 

innocuous antigens 5, however they may have intrinsic functional properties including 

protease activity, or more frequently lipid binding activity, which are thought to contribute 

to their potency as allergens 6.  

 

In atopic individuals, allergen exposure can induce adverse reactions in multiple organs 

including the lung (asthma), nose (rhinitis/hayfever), skin (dermatitis/eczema), gut (food 

allergies), eyes (conjunctivitis), and circulatory system (anaphylaxis) 7, 8. Only a subset of 

atopics manifest symptoms of clinical disease, indicating that additional cofactors are 

required for disease progression 9, 10. Atopic diseases typically manifest as cutaneous 

symptoms initially, which progress to the upper (rhinitis) then lower airways (asthma); this 

is known as the atopic march 11. Comorbidity of the airways is very common as 80 - 90% 

of asthmatics also suffer from rhinitis 12. It is noteworthy that in a minority of cases, 

nonatopic individuals who have normal IgE levels and no detectable hypersensitivity to 

allergens can experience clinical symptoms of allergic diseases 13.  

 

1.2 Increasing prevalence and the hygiene hypothesis 

Atopic diseases are the most common chronic illness of early childhood affecting one in 

four children in Australia 4. The prevalence is highest in industrialised western countries 

and has increased dramatically over the past two decades reaching epidemic proportions 14, 

however more recent evidence suggests this trend may be stabilising at least for asthma 15. 

The incidence of other immunological disorders has also increased considerably in 



 

industrialised nations, and a concomitant decrease of “protective” infections is 

hypothesised to be an underlying causal factor (Fig. 1, 16).  

 

 

Figure 1: Inverse relationship between the incidence of Prototypical Infectious 
Diseases and Immune Disorders from 1950 to 2000. 

Reprinted with permission from reference 16.  
 

The “hygiene hypothesis” 17 was formulated to explain these epidemiological data, and it 

proposes that the use of antibiotics, high vaccination rates, and high sanitary conditions in 

industrialised nations have resulted in decreased exposure to pathogens, resulting in a lack 

of immune stimulation and a subsequent failure to develop immune tolerance mechanisms 

which would normally prevent excessive immune responses 18. The hypothesis is supported 

by numerous studies which demonstrate an inverse relationship between the incidence of 

atopic disorders and the overall burden of respiratory and gastrointestinal track infections 
19-21. Additional evidence has also been provided in experimental animal models. Tolerance 

to mucosally-derived antigens does not develop in germ-free animals 22. Moreover, 

pathogens and/or their products are protective in animal models of allergy and 

autoimmunity 23, 24. Paradoxically, in contrast to the protective role of pathogens in atopy, 

microbial exposure can also exacerbate clinical features of established disease 25, 26. Two 

immunological mechanisms have been proposed to account for the protective role of 

microbes in allergy – immune deviation (split tolerance) and/or immune regulation by 

regulatory/suppressor T cells 5. Both mechanisms will be discussed later in more detail.  
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1.3 Genetic predisposition 

Atopic diseases have a complex aetiology and inheritance is dependent on the interaction of 

multiple genetic 27 and environmental factors (multifactorial inheritance) 5. The importance 

of genetic factors is underscored by the high penetrance (40%) of atopic diseases in the 

progeny of affected parents 4, and the higher concordance of disease in monozygotic twins 

compared to dizygotic twins, which share the same early environment 28. The polygenic 

nature of atopy-associated phenotypes has been confirmed by genome-wide linkage studies, 

which have identified at least 20 chromosomal regions in the human genome that are 

thought to harbour atopy susceptibility genes 1. Replication is a major problem in genetic 

studies of atopy because different combinations of genes may underlie disease 

susceptibility in different populations (genetic heterogeneity), or in particular environments 
29. Moreover, biological pathways buffer one another to mitigate the effects of 

environmental and genetic change 30, 31. These complexities are highlighted by the fact that 

there are no genes which are consistently associated with atopy or atopy-associated 

phenotypes in every study 32. A recent meta-analysis of the literature that considered an 

association of any genetic variant of a gene with any atopy-associated phenotype as the unit 

of replication identified 79 susceptibility genes that have been replicated in at least two 

independent samples, and concluded that 25 of these genes (Table 1) are true susceptibility 

genes because they have been validated in more than five independent samples 32. 

Considering entire chromosomal regions as the unit of replication has suggested the 

presence of asthma susceptibility gene(s) on chromosome 2p, 4q, 5q23-31, 6p21-24, 

11q13-21, 12q21-24, 16q21-23, and 19q13 1. The most interesting region is arguably that 

on the long arm of chromosome 5, which encodes many candidate genes including 

cytokines (TSLP, GM-CSF, IL-3, IL-4, IL-5, IL-9, IL-13, IL-12p40), transcription factors 

(IRF-1, TCF-7), pathogen receptors (CD14, TIM-1), asthma drug targets (glucocorticoid 

receptor, β2 adrenergic receptor), protease inhibitors (SPINK5) and others (UGRP1, 

CYFIP2) 32. Intriguingly, statistical analysis of linkage studies in asthma and other 

inflammatory diseases has revealed that susceptibility loci map non-randomly into clusters 
33. This suggests that a common set of master genes may regulate inflammation, or 

alternately that the key immuno-regulatory genes are co-localised in the genome (Fig. 2) 33, 

34. CTLA4 and CARD15 may represent two such master genes, because genetic variants in 

these genes have been associated with multiple autoimmune disorders and allergies 35-42.  
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Table 1: Genes implicated in the genetic predisposition to atopy and associated 
phenotypes  

Gene Description Location Function/phenotype in knockout mice 

IL-10 Interleukin 10 1q31-q32 Produced by regulatory T cells and inhibits 

T cell responses but promotes AHR 43.  

GSTM1 Glutathione S-

transferase M1 

1p13.3 Protection of cells from oxygen radicals and 

oxidative stress.  

CTLA-4 Cytotoxic  

T-lymphocyte-

associated protein 4 

2q33 Negative regulator of T cell activation. 

Deficiency causes lethal disorder 44 and 

enhances TH2 differentiation 45. 

IL-4 Interleukin 4 5q31.1 Required for TH2 immune responses and IgE. 

Deficiency prevents asthma 46.  

IL-13 Interleukin 13 5q31.1 Prominent role in TH2 effector function. 

Deficiency prevents asthma 47.  

CD14 Monocyte 

differentiation antigen 

14 

5q31.1 Involved in LPS-activation of the TLR-4 

signalling pathway. Deficiency abrogates 

innate immune responses to LPS 48.  

ADRB2 β2 adrenergic receptor  5q31-q32 Regulates smooth muscle contraction. 

Deficiency causes hypertension 49.  

SPINK5 Serine peptidase 

inhibitor, Kazal type 5 

5q32 Mutations in this protease inhibitor result in 

Netherton syndrome – a disorder characterised 

by dry, scaly skin and atopy.  

LTC4S leukotriene C4 

synthase 

5q35 Biosynthesis of cysteinyl leukotrienes. 

Deficiency attenuates mast cell mediated 

inflammatory reactions 50.  

TNF-α Tumor necrosis factor 

alpha 

6p21.3 Proinflammatory cytokine. Induces expression 

of genes involved in mucus secretion (mucin, 

Gob-5) 51. Blockade improves asthma 52.  

LT-α Lymphotoxin alpha 6p21.3 Proinflammatory cytokine. Deficiency results 

in impaired immune responses 53.  

HLA-

DRB1 

MHC class II, DR beta 

1 

6p21.3 Presents exogenous antigens to CD4 T cells. 

Restricts IgE response to some allergens 54.  
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HLA-

DQB1 

MHC class II, DQ beta 

1 

6p21.3 Presents exogenous antigens to CD4 T cells. 

Restricts IgE response to some allergens 54. 

GPRA G protein-coupled 

receptor 154 

7p14.3 Receptor for neuropeptide S. No known 

function.  

CARD4 or 

NOD1 

Caspase recruitment 

domain family, 4 

7p15-p14 Confers responsiveness to LPS and activates 

the inflammatory transcription factor NFκB.  

CC10 or 

CC16 

Clara cell protein; 

uteroglobin.  

11q12.3-

q13.1 

CC10 deficient mice have enhanced TH2 

responses and eosinophilia 55.  

FCERB1 Fc epsilon receptor I 

beta, high-affinity IgE 

receptor  

11q13 Subunit of the high affinity IgE receptor, 

required for mast cell activation.  

STAT-6 Signal transducer and 

activator of 

transcription 6 

12q13 Activated by IL-4 and IL-13 signalling, 

regulates transcription. Deficiency prevents 

asthma 56.  

NOS1 Nitric oxide synthase 1 

(neuronal)  

12q24.2-

q24.31 

Nitric oxide production. Deficiency enhances 

AHR 57. 

IL-4Rα Interleukin 4 receptor 

alpha chain 

16p11.2-

12.1 

Required for IL-4 and IL-13 signalling. 

Blockade prevents asthma 58.   

CARD15 

or NOD2 

Caspase recruitment 

domain family, 15 

16q21 Confers responsiveness to LPS and activates 

the inflammatory transcription factor NFκB. 

CCL-5  RANTES 17q11.2-

q12 

Chemotactic for T cells and eosinophils. 

Neutralisation reduces asthma 59.  

TBXA2R Thromboxane A2 

receptor 

19p13.3 Receptor for the bronchoconstrictor 

thromboxane A2.  

TGFB1 Transforming growth 

factor-beta 1 

19q13.1 Produced by regulatory T cells, inhibits T cell 

responses and promotes airways remodelling.  

ADAM33 A disintegrin and 

metalloprotease 33 

20p13 Proteolytic activity may influence structural 

changes in asthmatic airways (see Chapter 

1.5.4).  

Abbreviations; AHR, airways hyperresponsiveness; LPS, lipopolysaccharide. Functional 
information on genes was obtained from Entrez Gene, Genecards, and Swiss-Prot (see 
Chapter 1.7.2.6 for web addresses). See review from Ober and Hoffjan for references to 
genetics studies 32. 



 

 

Figure 2: Co-localisation of genetic loci associated with asthma and other 
inflammatory diseases. 
Figure modified from reference 34.  
 

1.4 Gene-by-environmental interactions 

The influence of environmental factors on the immune system can be modulated by genetic 

factors. Two striking examples in allergy are CD14 and TIM1, which are receptors for the 

bacterial cell wall component lipopolysaccharide (LPS) and the hepatitis A virus 

respectively. Individuals who carry a six amino acid insertion in the coding region of TIM1 

are protected from the development of atopy, but only if they have been previously infected 

with the hepatitis A virus 60. Genetic variants in CD14 regulate expression levels of soluble 

CD14 (and presumably responsiveness to LPS), which are inversely correlated with serum 

IgE levels in atopics 61. In accordance with the hygiene hypothesis, genetic variants in both 

CD14 and TIM1 have been associated with autoimmunity 62-64.  

  

1.5 Immunologic basis of allergic disease 

The hallmark of the adaptive immune system is immunological memory, which is the 

ability to mount a rapid, specific immune response to pathogens which have been 

previously encountered. In atopics, immunological memory is inappropriately programmed 

to respond in a harmful way to allergens, via a process termed sensitisation. The 
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sensitisation phase to inhalant allergens usually occurs during early childhood 65, and 

involves the priming of allergen-specific T helper-2 (TH2) memory cells which drive 

allergen-specific IgE production by B cells. The IgE binds to high affinity receptors 

expressed on mast cells, establishing sensitisation. In subsequent allergen encounters, IgE 

receptors on mast cells are triggered causing the mast cells to release mediators which 

induce an acute inflammatory reaction (early/acute phase). In a subset of patients (~ 50%) 
66, this early reaction is followed by a late sustained reaction (late phase) some hours later 

which is mediated by the recruitment and activation of T cells and eosinophils from the 

bloodstream. The early and late phase reactions can be studied in vivo by inhaled allergen 

challenge in human atopics 67.  

 

1.5.1 Sensitisation  

An extensive network of immature dendritic cells (DC) lines the basement membrane of 

epithelial surfaces in the airways 68. The principle function of these cells is to acquire and 

process inhalant antigens which penetrate the epithelial barrier, and migrate to the draining 

lymph nodes to present antigens via major histocompatibility complex (MHC) class II 

molecules to CD4 T helper cells 69. Activation of antigen inexperienced (naïve) T helper 

cells and the ensuing immune response requires two signals from the DC. (i) Signal 1 - 

each individual T cell expresses a unique receptor (TcR) with a distinct specificity, and 

only T cells harbouring a TcR which can bind to the antigen with sufficiently high affinity 

will receive an activating signal. (ii) Signal 2 - a second non-specific signal is also required 

for T cell activation, and this signal is delivered through the T cell costimulatory receptor 

CD28 via interaction with the DC cell-surface molecules CD80 or CD86 70, 71. When DC 

encounter pathogens in the periphery, specialised germ-line encoded receptors (pattern 

recognition receptors) including the toll-like receptors (TLR) expressed on the DC 

recognise conserved structural motifs present on all classes of pathogens (pathogen-

associated molecular patterns) 72, 73. TLR signalling activates the transcription factor 

nuclear factor kappa B (NFκB), which drives DC maturation 74. The maturation process 

induces upregulation of MHC class II and costimulatory molecules (CD80, CD86, CD40), 

and production of proinflammatory cytokines (IL-1, IL-6, TNF-α), which are critical to 

activate adaptive immune responses 73, 75. In the absence of infection or inflammatory 

signals, DC reach the lymph nodes in a relatively immature state, and do not express 



 

 9

sufficient levels of costimulatory molecules to prime naïve T helper cells, resulting in 

tolerance 76. Therefore harmless antigens including allergens will normally only prime an 

immune response in the presence of an inflammatory DC maturation factor such as LPS or 

GM-CSF 76, 77. Environmental signals (see Table 2) may prompt DC to provide a third 

signal to T cells (Signal 3), which can program the differentiation of naïve T helper cells 

into TH1 or TH2 lineage effector cells 78.  

 

In allergic individuals, for unknown reasons, exposure to allergens results in activation, 

clonal expansion, and differentiation of naïve T helper cells into TH2-polarised effector 

cells, which upregulate the lineage specific, TH2-polarising transcription factor GATA-3 79, 

80, and secrete the signature cytokines IL-4, IL-5, IL-9, and IL-13 81, 82. T cells from 

nonatopic subjects mount an equivalent proliferative response to allergens 83, however 

cytokine production is generally restricted to low levels of the TH1 effector gamma 

interferon (IFN-γ) 84, 85. The allergen-specific responses in nonatopics although detectable 83 

are not considered bona fide immune responses because they do not activate delayed type 

hypersensitivity (DTH), a hallmark of TH1 polarised immunity, and are thus a form of 

tolerance (split tolerance) 86, 87. These nonatopic responses have been classified as 

“modified TH1” 88, however the molecular basis for their “modification” remains 

uncharacterised.  

 

Activation of allergen-specific B cells and subsequent antibody production requires help 

from allergen-primed TH2 cells. B cells efficiently acquire specific allergens via a process 

which is facilitated by specific interaction with the B cell receptor and present them in the 

context of MHC class II molecules to TH2 cells 89. Cytokines (IL-4, IL-13) and additional 

costimulatory signals (CD40L, ICOS) provided by TH2 cells promote class switch 

recombination (substitution of the Ig heavy-chain constant-region genes via rearrangement 

of DNA segments) of B cells to produce TH2-associated antibody isotypes IgE and IgG4 in 

humans 90-95. B cell activation, differentiation, and antibody production are also supported 

by an additional nonpolarised T helper subset which is distinct from TH1 and TH2 cells 

termed follicular TH cells (TFH) 96, 97. TFH express the chemokine receptor CXCR5, which 

directs their specific homing to the B cell areas of the lymph nodes (follicles) in response to 

CXCL-13 98.  
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Secreted IgE antibodies circulate in the peripheral blood and bind to high affinity IgE 

receptors (FcεR1) present on basophils, mast cells, and dendritic cells 99. After antigen 

clearance, most of the expanded T cells die by apoptosis 100, however a pool of long-lived T 

cells (T memory cells) with a reduced threshold for activation survive and enter the 

circulation 101. These memory cells are essential to sustain allergen-specific IgE production 
8. T-memory cells may home to inflamed tissues (effector memory - TEM) in the periphery 

to mediate their effector function or to secondary lymphoid organs (central memory – TCM) 

where they differentiate into effector cells upon subsequent encounters with antigen 102. 

Homing is non-random, as memory T cells emigrate from the blood into the same tissue 

type of the initial antigenic insult, a process which is imprinted by DC 103. Recent evidence 

also indicates that T memory populations in the lung and other peripheral tissues have a 

limited capacity for expansion 104, 105, are highly dynamic, and continually replaced by 

circulating T memory cells 106.  

 

1.5.2 Early phase response  

In allergic individuals, allergen provocation results in cross-linking of IgE receptors on 

mast cells, which triggers the secretion of preformed effector molecules stored in 

cytoplasmic granules and the de novo synthesis of new effectors. The vast array of mast cell 

mediators includes histamine, heparin, proteases (tryptase, chymase, carboxypeptidase), 

cytokines (IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-25, TNF-α), chemokines (eotaxin, 

RANTES, IL-8, IL-16, MCP-1, MCP-3, MCP-4), growth factors (GM-CSF, stem cell 

factor, basic fibroblast growth factor, vascular endothelial growth factor), lipid mediators 

(cysteinyl leukotrienes, prostaglandins, thromboxane, platelet activating factor) and other 

mediators such as adenosine 7, 107-110. Symptoms occur within minutes and include dilation 

of blood vessels allowing increased blood flow (histamine), increased vascular permeability 

(histamine, leukotrienes, prostaglandins) which causes leakage of plasma proteins into the 

extravascular space and swelling, stimulation of sensory nerves causing irritation 

(histamine), mucus hypersecretion (histamine, chymase, leukotrienes), and constriction of 

the airways (histamine, leukotrienes, prostaglandins, thromboxane) 107, 110.  

 

The importance of IgE in human asthma was recently demonstrated by the clinical efficacy 

of omalizumab – a monoclonal antibody (mAb) which inhibits the binding of IgE to mast 
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cells 111, 112. Omalizumab treatment reduced both inflammatory cell numbers in the airways 

and exacerbations in asthmatics, however there was no improvement in lung function. It is 

also noteworthy that asthma can be induced in experimental animal models in the absence 

of IgE 113, B cells 114, and mast cells 115.  

 

1.5.3 Late-phase response  

The early-phase reaction usually subsides after an hour or so, however in a subset of 

allergic asthmatics (~50%), this is followed by recurrence of bronchoconstriction 3 – 12 h 

after the initial allergen challenge 116. This late-phase response also occurs in the skin 117 

and upper airways 118, and is orchestrated by the activation of circulating inflammatory 

cells which are recruited from the bloodstream in response to chemotactic factors released 

during the acute phase 119. Mast cell derived IL-16, leukotriene B4, and prostaglandin D2 

are thought to attract T cells directly by signalling through their respective receptors CD4, 

leukotriene B4 receptor (expressed on TH1 and TH2) and CRTH2 (expressed on TH2) 120-123. 

Other mast cell mediators including IL-4, IL-13, and prostaglandin D2 initiate TH2 

recruitment indirectly by stimulating epithelial/endothelial production of TARC (CCL-17), 

MDC (CCL-22), eotaxin-1, -2, -3 (CCL-11, -24, -26), and I-309 (CCL1), which signal 

through the TH2 receptors CCR3 (eotaxins), CCR4 (TARC and MDC), and CCR8 (I-309) 
124-131. The role of CCR3 in T cell recruitment is controversial because CCR4 and CCR8 

but not CCR3 were detected on TH2 cells in the airways after allergen challenge in vivo 132. 

Cellular recruitment from the blood involves adhesive interactions between receptors 

(LFA-1, VLA-4) on circulating T cells with respective counter ligands (ICAM-1, VCAM-

1) which are induced on the endothelium by IL-4, IL-13, and TNF-α 133-135.  

 

CD4+ T cells and eosinophils are the predominant infiltrating cell types in the late-phase 

response, however neutrophils, macrophages, basophils, and CD8 T cells also accumulate 

after allergen-challenge 110, 136-139. Allergen presentation by DC to resident T memory cells 

in the lung mucosa results in T cell activation 140. The role of DC and associated 

costimulatory pathways (ICOS, OX40) is essential in the effector phase of allergic 

inflammation in animal models 141-144. A general overview of the mechanism of T cell 

activation is presented in Fig. 3. Activated T cells transcribe multiple proinflammatory 

cytokines (IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-13, IL-17, TNF-α, GM-CSF, IFN-γ) 



 

which are upregulated in asthma 145. Several novel cytokines produced by activated T cells 

have recently been identified including IL-21, IL-22, IL-17E (IL-25) and IL-31 146-149, 

however their expression in human asthma has not been investigated. The importance of 

T cells in human asthma was highlighted by the clinical efficacy of an anti-CD4 

monoclonal antibody (keliximab), which reduced T cell numbers in the peripheral blood 150 

and improved lung function in corticosteroid-dependent asthmatics 151. Moreover, 

immunosuppressive drugs such as cyclosporin A or glucocorticosteroids which block T cell 

activation by inhibiting the signaling (calcineurin) or transcriptional machinery (AP-1, 

NFκB, see Fig. 3) respectively also ameliorate clinical outcomes of asthma, however these 

drugs are not totally T cell specific 145, 152, 153.  

 

Figure 3: Mechanism of T cell activation and cytokine gene transcription 
The figure depicts a simplified version of T cell activation leading to IL-2 transcription. 
Proteins are labelled according to their functional categories; receptors (black), adapters 
(grey), kinases (red), guanine activating or exchange factors (yellow), GTPases (green), 
phosphatases (purple), transcription factors (blue), processed antigen (brown), and others 
(white). See Table 2 for additional signalling molecules and transcription factors involved 
in TH1 and TH2 cytokine gene transcription. Pathway information was obtained from 
http://www.cellsignal.com/ and Lin and Weiss 154.  
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Eosinophils release a vast array of proinflammatory mediators when activated including 

basic polypeptides (major basic protein, eosinophil-derived neurotoxin, eosinophil cationic 

protein, eosinophil peroxidase), cytokines (IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, 

IL-11, IL-12, IL-13, IL-16, IL-17, IFN-γ, TNF-α, GM-CSF), chemokines (eotaxin, 

RANTES, MCP-1, MCP-3, MCP-4, MIP-1α, IL-8), growth and/or fibrogenic factors 

(TGF-α, TGF-β, basic fibroblast growth factor, angiogenin, nerve growth factor, platelet-

derived growth factor, vascular endothelial growth factor, heparin-binding epidermal 

growth factor), lipid mediators (leukotrienes, prostaglandins, platelet activating factor, 15-

hydroxy-eicosatetraenoic acid (15-HETE)) and other mediators (reactive oxygen species, 

matrix metalloproteinases, neuropeptides) 155, 156. IL-5 is critical for eosinophil 

development, migration, recruitment and activation 156, and asthma is abolished in IL-5 

deficient mice 157. However in clinical trials, IL-5 blockade in asthmatics abolished 

eosinophil levels in the blood 158, 159 and halved their numbers in the airways with no 

improvement in lung function 160. Therefore the role of eosinophils in human asthma is 

currently controversial 161. 

 

The defining clinical feature of early and late asthmatic reactions is airways obstruction, 

causing wheezing, difficulty in breathing (dyspnea) and shortness of breath 10. These 

symptoms are reversible and resolve spontaneously or after treatment with β2-adrenergic 

receptor agonists (β2-agonists) 162. β2-adrenergic signalling activates protein kinase A, 

which inactivates myosin light chain kinase – an enzyme which phosphorylates myosin 

light chains facilitating their interaction with actin causing contraction 163, 164.  

 

1.5.4 Chronic asthma 

Acute inflammation is typically resolved by repair processes which restore normal structure 

and function 165. In chronic asthma, repeated cycles of allergen-driven inflammation and 

repair result in structural changes of the airways, which are collectively referred to as 

airways remodelling 9, 10. Inflammation and symptoms can persist for days or even months, 

and structural changes can lead to a progressive loss of lung function and irreversible 

airways obstruction in some patients 166, 167. Increased survival (due to reduced apoptosis) 

and retention of inflammatory cells in the airways is thought to play a pivotal role in 

sustaining inflammation 168. Resident structural cells (fibroblasts, smooth muscle cells, 
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epithelial cells) also become activated and are an important source of cytokines, adhesion 

molecules, growth factors and other mediators 169. Holgate has proposed that asthmatics 

have an increased susceptibility to injury and/or impaired wound healing processes, causing 

a chronic wound which sustains airways inflammation and remodelling 170.  

 

Physiological changes observed in remodelled airways include shedding of the epithelium, 

sub-basement membrane thickening (also known as thickening of the laminar reticularis or 

subepithelial fibrosis), smooth muscle hypertrophy (increase in size) and hyperplasia 

(increase in number), mucus gland hypertrophy, formation of new blood vessels 

(angiogenesis) and nerves, and deposition of extracellular matrix proteins (collagen, elastin, 

fibronectin, laminin, tenascin, hyaluronan, proteoglycans) 162, 171. These changes result in a 

thickening of the airway walls, and a reduction in airway diameter 172, which lead to 

airways obstruction with associated wheezing, and an exaggerated bronchoconstrictor 

response to non-specific stimuli (airways/bronchial hyperresponsiveness, AHR/BHR) 173. 

Experiments in transgenic mice have demonstrated that constitutive pulmonary expression 

of IL-5 174, IL-6 175, IL-9 176, IL-11 177, and IL-13 178 can initiate remodelling of the airways. 

Key genes acting downstream of these proinflammatory cytokines include several growth 

factors (TGF-β, PDGF, EGF, insulin-like growth factor, GM-CSF, basic fibroblast growth 

factor, vascular endothelial growth factor), proteases and related genes (ADAM33, matrix 

metalloproteinases and their inhibitors, protease activated receptors) and other mediators 

(endothelins) 138, 179-185. The importance of resident structural cells in asthma was recently 

demonstrated in an elegant study by Kuperman and co-workers. They showed that mice 

deficient in an essential component of IL-13 signalling (STAT-6) did not develop AHR and 

mucus hypersecretion upon IL-13 instillation, however IL-13 responsiveness and the 

asthma phenotypes could be rescued via a STAT-6 transgene directed to the epithelium 186.  

 

Currently, the optimal treatment for chronic asthma is by combination therapy consisting of 

inhaled glucocorticosteroids (eg. budesonide) to treat inflammation, and long acting β2-

agonists (eg. salmeterol, formoterol) to relax the airways 187, 188. Patients with moderate to 

severe disease may respond poorly to corticosteroids, therefore intervention is likely to be 

more effective before the structural changes associated with airways remodelling are 

established 185, 189, 190.  
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1.5.5 T helper subsets  

Two decades have passed since Mossman and colleagues reported that mouse T helper 

clones could be classified into two distinct subsets (TH1, TH2) based on their cytokine 

secretion profile and functional properties 191, 192. The concept of TH1 and TH2 has emerged 

as a powerful paradigm in the study of immunology, however it has been challenged by 

Anne Kelso who reported that individual murine T cell clones analysed at the single-cell 

level simultaneously produce multiple TH1 and TH2 cytokines in various combinations 193. 

These data have been explained by other studies demonstrating that T cell clones with a 

mixed cytokine profile represent transient phenotypes at intermediate stages of 

development, which may undergo further differentiation 194, 195. Shortly after the 

characterisation of murine TH1 and TH2 subsets, these findings were extended to human T 

cells 196, 197, however it is noteworthy that while TH1 and TH2 polarised immune responses 

can be readily identified in mice, such divisions are less clear cut in humans as most 

responses are a heterogeneous mixture of TH1 and TH2 198. TH1 cells secrete the signature 

cytokines IFN-γ and TNF-β, which drive cell mediated immune responses by recruiting and 

activating phagocytic cells, and promoting the differentiation of cytotoxic CD8 T cells 198. 

TH1 immune responses are thus associated with protection from intracellular parasites (eg. 

Leishmania species, Mycobacterium tuberculosis) and viruses (eg. Influenza) 195. TH2 cells 

on the other hand produce IL-4, IL-5, IL-9, and IL-13, which are important in protective 

immunity to extracellular parasites (eg. the Helminth Schistosoma mansoni), and these 

cytokines orchestrate allergic inflammatory reactions through the promotion of TH2 

differentiation (IL-4), IgE switching (IL-4, IL-13, IL-9 enhances), mast cell development 

and activation (IL-9), eosinophil maturation and release into the blood (IL-5, IL-9 

enhances), mucus secretion (IL-4, IL-9, IL-13), and AHR (IL-5, IL-9, IL-13) 82, 157, 195, 199-

203. Both TH1 and TH2 subsets are capable of producing GM-CSF, IL-2, IL-3, IL-6, IL-10, 

and IL-13 in humans 195, 204, 205. It is noteworthy that TH2 cytokines can be produced by 

multiple cell types including mast cells, basophils and eosinophils 206, however in situ 

hybridisation studies have demonstrated that mRNA for TH2 cytokines in the airways 

localises predominantly to T cells in atopic asthmatics 207. Recently, a novel effector T 

helper subset (TH17) has been described which is distinct from TH1 and TH2 lineages, and 

produces the proinflammatory cytokine IL-17 208. 
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1.5.6 T helper differentiation  

Differentiation of T helper subsets is influenced by antigen dose and route of exposure, 

peptide affinity for the TcR, strength and duration of TcR signalling, type and activation 

status of DC, costimulatory interactions between the DC and T cell, and the cytokine milieu 

present in the local microenvironment (Table 2). Initially it was thought that TH2 

differentiation was the default pathway of T helper differentiation in the absence of strong 

proinflammatory signals, however recent evidence indicates that concomitant stimulation of 

DC with TH1 promoting microbial antigens and TH2 promoting Helminth antigens results in 

concurrent priming of anti-microbial TH1 responses and anti-Helminth TH2 responses 209. T 

helper subset-specific transcription of signature cytokines is achieved by selective 

expression of transcription factors, and by altering the accessibility of the cytokine gene 

loci to the transcriptional machinery, which is controlled by heritable, structural changes to 

DNA (epigenetic remodelling) 210. When first activated, naïve T cells efficiently produce 

IL-2, but epigenetic constraints (eg. hypermethylation of cytokine genes) only allow 

minimal transcription of IL-4 and IFN-γ 211, 212. Development of competency for TH1 or 

TH2 cytokine gene transcription is driven by the lineage specific transcription factors T-bet 

or GATA-3 respectively, which are both necessary and sufficient for development of 

respective TH1 and TH2 subsets 79, 213. T-bet and GATA-3 expression and subsequent 

T helper differentiation is driven by cytokines. GATA-3 is activated by the IL-4/STAT-6 

signalling pathway 214, 215, and T-bet is activated by the IFN-γ/STAT-1 signalling pathway 
216. T-bet also upregulates the IL-12 receptor (IL-12Rβ) in developing TH1 cells, further 

enhancing TH1 differentiation via IL-12/STAT-4 signalling pathways 217. These early IL-4 

and IFN-γ polarising signals can be provided by activated naïve T cells 212, however in the 

lung IL-4 producing NKT cells also play a dominant role in development of TH2 effector 

functions 218. Additional molecular signals which influence TH1/TH2 differentiation and 

cytokine gene expression are listed in Table 2.  

 

T-bet and GATA-3 direct epigenetic changes to activate their respective TH1 and TH2 

cytokine target genes, while silencing the opposing cytokine loci 79, 213, 219. The mutually 

antagonistic functions of GATA-3 and T-bet allow TH1 and TH2 responses to counter 

regulate each other preventing excessive reactivity of either subset, and regulation of 

immune responses in this way is known as immune deviation or split tolerance.  
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Table 2: Factors which influence TH1/TH2 differentiation and cytokine gene 
transcription 

Positive regulators are indicated in black text, negative regulators are in red text.  

Factor TH1 differentiation TH2 differentiation Reference 

Antigen dose High dose Low dose 220-222 

Peptide/MHC 

affinity for TcR 

High affinity Low affinity 223, 224 

T cell calcium 

signalling  

Sustained calcium flux Transient calcium flux 225 

TcR signalling in 

lipid raft domains   

Required Not required 226 

Factors which 

modulate DC 

function 

high dose LPS, 

CpG DNA, 

osteopontin, 

M. tuberculosis, 

Toxoplasma gondii 

low dose LPS, TSLP, 

PGE2, histamine, 

Schistosoma eggs, 

Aspergillus hyphae 

77, 227-229 

Cytokines IL-12, IL-12 + IL-18, 

IL-23, IL-27, IFN-α, 

IFN-γ 

IL-2, IL-4, IL-6, 

IL-25, IL-33, MCP-1 

148, 217, 230-

232 

Signalling 

molecules  

Delta, TRAF-6, p38, 

JNK-2, Txk, Rac2, 

MKK3, MKK6, 

GADD45, 

Jagged, SOCS-3, SLAT, 

ITK, ST2, ITCH, JNK-1, 

p38, ZAP-70, FYN, LAT, 

CTLA-4 

217, 231, 233-

236 

Transcription 

factors and 

transcriptional 

regulation 

STAT-1, STAT-4, T-

bet, HLX, ERM, IRF-1, 

ATF-2, AP-1, NFκB, 

NFATp, NFAT4 

STAT-5, STAT-6, GATA-

3, c-MAF, JunB (AP-1), 

p50 (NFκB), C/EBPβ, 

C/EBPδ, NIP45, NFATc1, 

IRF-4, CP2, NFY, MEL-18, 

GFI-1, RUNX-1, NFATp, 

FOG, ROG, BCL-6 

217, 231, 235, 

237-239 
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During the early stages of TH1 or TH2 differentiation, murine T helper cells retain the 

ability to express opposing cytokines, which can be manipulated by altering the culturing 

conditions or by forced expression of T-bet and GATA-3. However, this plasticity is lost in 

more mature cells because cytokine memory becomes epigenetically fixed, and is less 

dependent on T-bet and GATA-3 240. Terminally differentiated human T helper cells on the 

other hand retain plasticity and cytokine flexibility 241-243, which may explain the greater 

heterogeneity of T helper responses in humans. 

 

1.5.7 Why are allergic responses TH2-skewed in atopics? 

It is not known why allergen-specific responses are TH2- and TH1-skewed in atopic and 

nonatopic individuals respectively. Several groups have reported that TH1 function is 

defective in neonates who subsequently develop atopy 85, 244, 245. Moreover, genetic risk for 

atopy is associated with a slow postnatal maturation of adaptive immune function, which is 

most notable for IFN-γ responses 88, 246. Atopic individuals also have defective TH1 

responses to rhinovirus 247, and are less likely to have detectable TH1 immune responses to 

tuberculin 19. Production of the TH1-promoting cytokine IL-12 is also lower in stimulated 

whole blood cultures from atopics relative to nonatopics control subjects 248. 

 

DC function is subtly different in atopics and nonatopics. Monocyte-derived DC (MD-DC) 

from atopics produce lower levels of IL-12 249. In addition, allergen-pulsed MD-DC from 

atopics upregulate the costimulatory molecule CD86 and produce multiple 

proinflammatory cytokines (IL-1β, IL-6, IL-10, TNF-α), in contrast to nonatopic controls 

who produce low levels of IL-12 only and do not upregulate CD86 250. Moreover, allergen-

pulsed MD-DC from atopics have a higher capacity to drive TH2 cytokine gene expression 

and proliferation in purified T cells from the same donor 250. Interestingly, the enhanced 

responsiveness of DC from atopics is dependent on the proteolytic activity of the allergen 
250.  

 

Atopics may also overproduce molecular signals (Signal 3) which skew T cell responses 

towards a TH2 phenotype. TSLP is a plausible candidate in this regard, as elevated 

expression of TSLP has been detected in epithelial and inflammatory cells from atopics 251, 

252. TSLP activated DC drive TH2 differentiation 251, 253, and allergic inflammation occurs 
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spontaneously in transgenic mice which constitutively express TSLP 254, 255. Another 

candidate is GM-CSF, which is produced by epithelial cells exposed to protease allergens 

from dust mites 256. Transgenic expression of GM-CSF in the airways in mouse models 

drives allergic sensitisation 257, 258.  

 

Epithelial surfaces in atopics may be particularly susceptible to allergen damage. SPINK5 

encodes a serine protease inhibitor which is thought to protect epithelial surfaces from 

environmental proteases such as dust mite allergens 259. Mutations in SPINK5 cause 

Netherton’s disease – a condition which is frequently associated with high serum IgE levels 

and development of atopic diseases 260. Moreover, polymorphisms in SPINK5 are also 

associated with atopy 261. Thus defects in epithelial barrier function may enhance allergen 

exposure and sensitisation.  

 

1.5.8 Role of CD4 T cells in allergic disease 

The central role of TH2 lymphocytes and TH2 cytokines in atopic disease is well 

documented in the literature and accepted by the majority of investigators in the field 262, 

263. Studies in humans have demonstrated that (i) allergen-specific T helper cells cloned 

from the peripheral blood of atopic donors secrete TH2 cytokines 196, 197, whereas clones 

derived from nonatopic donors secrete TH1 cytokines 196; (ii) allergen-stimulated peripheral 

blood mononuclear cells (PBMC) from atopics in short-term primary culture secrete 

elevated quantities of TH2 cytokines compared to nonatopic controls 264, 265, and  gene 

expression levels correlate with disease severity 266-268; (iii) allergen-specific TH2 cells are 

recruited from the peripheral blood to the airways in response to in vivo allergen challenge 

in asthmatics 269, 270; (iv) increased mRNA for TH2 cytokines and TH2-associated 

transcription factors is detectable in atopic T cells obtained from the airway mucosa at 

baseline 271-273 and after allergen challenge in vivo 274-277; (v) successful allergen 

immunotherapy is associated with a shift of allergen-specific immune responses from TH2 

to TH1 278-282; (vi) drugs which target T cells such as cyclosporin, corticosteroids, or anti-

CD4 mAb attenuate allergic diseases.  

 

Human studies have also revealed an association of TH2 pathways in nonatopic forms of 

allergic disease. Increased expression of TH2 cytokines has been detected in nonatopic 
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manifestations of dermatitis 283, rhinitis 284, and asthma 207, 285. It is thought that local IgE 

synthesis in the target organ may play a role in the pathogenesis of these nonatopic diseases 
13, 286.  

 

Experimental mouse models do not reproduce all of the clinical features of atopic diseases 

in humans 287, 288, however they have provided compelling evidence implicating TH2 cells 

in disease pathogenesis including (i) deficiency or depletion of CD4 T cells prevents 

eosinophil recruitment to the airways 289 and AHR 290 (ii) adoptive transfer of allergen-

specific TH2 but not TH1 cells in naïve recipients induced mucus hypersecretion, 

eosinophilic inflammation and AHR upon subsequent aerosol-challenge, although TH1 cells 

induced a neutrophilic inflammation 291, 292; (iii) pulmonary transgenic over expression of 

TH2 cytokines induces mucus hypersecretion, airway eosinophilia, and AHR 174, 176, 178, 293; 

(iv) Deletion or interference of genes essential for TH2 differentiation and effector function 

including IL-4 46, IL-4Rα 58, IL-5 157, IL-13 47, GATA-3 294, and STAT-6 56 in asthma 

models results in significantly attenuated disease. Experimental animal models have also 

highlighted the importance of IL-13 relative to other TH2 cytokines in the effector phase of 

asthma pathogenesis. IL-4 and IL-13 share many biological functions because they both 

activate gene expression via IL-4R/STAT-6 signalling. However, although IL-4 is critical 

for allergic sensitisation, neutralisation of IL-4 during the effector phase of allergic 

inflammation has little effect 295, 296, whereas blockage of IL-13 reverses mucus 

hypersecretion and AHR 297. Moreover, IL-13 but not IL-4 drives subepithelial fibrosis 298. 

In addition, induction of mucus hypersecretion and lung inflammation by other TH2 

cytokines such as IL-9 can be reversed by blockade of IL-13 299, 300.  

 

The role of TH1 cells in allergic disease is less clear. Aerosol delivery of nebulised IFN-γ 

can suppress both primary and secondary allergic responses in a murine model of allergic 

asthma 301. Moreover, mice deficient in T-bet spontaneously develop asthma, indicating a 

regulatory role for TH1 cells 302. However, adoptive transfer studies in mice have 

demonstrated that allergen-specific TH1 cells exacerbate rather than attenuate airways 

inflammation when co-transferred with TH2 cells 303, 304. Moreover, neutralisation of IFN-γ 

in a chronic model of established asthma abrogated AHR 305. In humans, elevated 

production of IFN-γ was associated with atopic asthma and 306 and AHR 268, 307, and genetic 
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variants of T-bet are associated with asthma susceptibility 308. A further complication is the 

role of viruses in asthma. Viral infections (eg. respiratory syncytial virus, rhinovirus, and 

influenza) are a major trigger of acute asthma attacks 309. Viruses typically stimulate TH1 

immune responses 310, although they may also trigger TH2 responses if encountered early in 

life 311. In animal models, acute viral infection can induce IFN-γ production with associated 

AHR 312. Moreover, viral infection can synergise with allergen-driven inflammatory 

pathways causing severe inflammation 312-315. Paradoxically, in one study experimental 

rhinovirus inoculations in humans improved lung function 316.   

 

1.5.9 Role of CD8 T cells in allergic disease 

Several years after the discovery of TH1 and TH2 subsets, differentiation of CD8 T cells 

into subpopulations with distinct cytokine profiles was reported 317-321.  These subsets have 

been classified as TC1 (produce IFN-γ but not IL-4 or IL-5) or TC2 (produce IL-4 and IL-5 

but not IFN-γ) 322. Exogenous antigens such as allergens are typically loaded onto MHC 

class II molecules for presentation to CD4 T cells, while antigens synthesised endogenously 

are loaded onto MHC class I molecules for presentation to CD8 T cells. In allergen-specific 

CD8 T cell responses, allergens are presented in the context of MHC class I molecules, via 

a process termed cross-presentation 323, 324.  

 

The role of CD8 T cells in asthma is controversial. Some studies in animal models report a 

pathogenic role 325-327 for CD8 T cells while others report a protective role 328-330. In human 

atopics, allergen-specific CD8 T cells secreting both TH1 and TH2 cytokines have been 

detected in the peripheral blood 331. Moreover, spontaneous production of TH1 and TH2 

cytokines was increased in sputum T cells from subjects with atopic asthma relative to 

nonatopic controls, and expression levels in CD8 T cells not CD4 T cells correlated more 

strongly with disease severity 332. In other studies, an increased capacity of the CD8 T cell 

compartment to produce IFN-γ has been associated with allergic sensitisation 333 and 

asthma severity 307.  

 

CD8 T cells may be particularly important in fatal asthma cases 334. Studies have 

demonstrated an increase of CD8 T cells in asthmatics with fatal attacks compared to 

asthmatics who died of unrelated causes, possibly in response to viral infection 335. Virus-
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specific TC1 memory T cells persist for long periods in the airways and can be activated by 

several mechanisms including provocation with specific antigen, infection with an 

unrelated/serologically distinct virus (heterologous immunity), or by proinflammatory 

cytokines (bystander activation) including IL-12 and IL-18 336, 337. Furthermore, studies in 

animal models have demonstrated that the TH2 cytokine environment in asthmatics may 

switch virus-specific TC1 cells into TC2 cells 338. Therefore CD8 T cells may contribute to 

allergic disease by stimulating both TH1 and TH2 inflammatory pathways.  

 

1.5.10 Role of regulatory CD4 T cells in allergic disease 

Recent evidence indicates that adaptive immune responses are actively suppressed by CD4 

T cells with regulatory/suppressive activity (TREG). The existence of TREG has been known 

for decades, however their phenotype remained elusive until recent work by Sakaguchi and 

co-workers 339-341. Sakaguchi reported that 10% of T cells in normal adult mice 

constitutively express the IL-2 receptor alpha chain (CD25), and adoptive transfer of 

purified T cells depleted of the CD25 subpopulation into syngeneic recipients 

spontaneously induced autoimmune diseases, which could be reversed by reconstitution of 

the CD25 positive cells. Numerous groups subsequently isolated CD4+ CD25+ TREG from 

human peripheral blood and demonstrated suppressive activity in vitro 342-344. Several 

subsets of TREG have been described. The naturally occurring TREG are selected in the 

thymus and express the lineage specific transcription factor FOXP3 345-347, and the cell 

surface markers CD25, CTLA-4, and GITR 348. The induced/adaptive TREG subsets are 

induced in the periphery (or in vitro) under tolerogenic conditions, display variable 

expression of CD25 348, and do not express Foxp3 349. Foxp3 is expressed at levels at least 

40-fold higher in naturally occurring TREG compared to resting or activated conventional 

CD4+ CD25- T cells 345, and since conventional T cells also express CD25, GITR, and 

CTLA-4 when activated, Foxp3 is currently the only reliable marker for natural TREG 350. 

 

Mechanisms of T cell suppression by TREG are controversial and thought to involve cell-to-

cell contact mechanisms (eg. via CTLA-4) as well as secretion of the anti-inflammatory 

cytokines IL-10 and TGF-β 341, 343, 351-355. Suppression of immune responses by TREG is 

readily reversed by TLR activated DC 356, GM-CSF activated DC 357, IL-6 356, 358, or GITR 

ligands 359.  
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Currently, there is intense interest in TREG in the allergy field. Studies in mice have shown 

that: (i) The protective effect of pathogen exposure on allergic diseases can be mediated by 

induction of TREG 
23, 360; (ii) Depletion of CD25+ cells prior to allergen sensitisation 

enhances allergen-specific TH2 responses and renders normally resistant C3H mice 

susceptible to induction of AHR 361; (iii) Adoptive transfer of in vitro generated TREG can 

suppress allergen-specific TH2 responses 362 and AHR in sensitised mice 363, however, two 

other groups reported that TREG can suppress TH2 responses but not AHR 364, 365. Moreover, 

another group reported that CD4+ CD25+ TREG enhanced TH2 responses and allergic disease 
366.  

 

Studies in humans have demonstrated that: (i) Deleterious mutations in FOXP3 that result 

in a deficiency of TREG cause IPEX syndrome (Immunodeficiency, Polyendocrinopathy, 

and Enteropathy, X-Linked) - a disease characterised by severe allergic symptoms (and 

autoimmunity) including eczema, eosinophilia, raised total serum IgE levels, and excessive 

TH2 responses 367; (ii) Nonatopic control individuals contain a higher frequency of allergen-

specific TREG secreting IL-10 in the peripheral blood compared to atopic individuals 368; (iii) 

Successful allergen immunotherapy is associated with a shift of allergen-specific immune 

responses from TH2 to TREG 278, 369 (iv) Treatment of conventional T cells with 

glucocorticosteroids upregulates Foxp3 expression in vitro, suggesting that some of the 

immunosuppressive properties of the drug may be mediated through induction of TREG 370; 

(v) The suppressive function of peripheral blood CD4+ CD25+ T cells of grass pollen 

allergics is impaired relative to that of nonatopics in the context of an allergen-specific 

response 371. However this is controversial because one study found that suppressive 

function in pollen allergics was only deficient during the pollen season 372, which could be 

explained by contamination of the CD4+ CD25+ TREG with recently activated effector TH2 

cells. Two other groups have also reported that there was no significant difference in the 

allergen-specific suppressive capacity of CD4+ CD25+ T cells from atopics and nonatopics 

controls 373, 374, although in followup studies by Bellinghausen and colleagues some 

differences were observed when manipulating the allergen dose 375. Since allergen-pulsed 

DC from allergic patients produce more proinflammatory cytokines including IL-6 than 

nonallergic controls 250, and IL-6 abrogates TREG function 356, 358, these data could explain 

the lack of TREG activity in the context of an allergen-specific response in atopics.   
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1.5.11 T cells and allergy – unresolved issues 

Atopy is a complex disease and the multifactorial etiology of these disorders justifies a 

multipronged approach to drug target identification. The evidence supporting a critical role 

of TH2 cells in atopic disease is unequivocal, and the products of these cells accordingly are 

high on the list of logical targets. However, many atopic subjects remain symptom-free, 

despite their peripheral T memory cells producing high levels of TH2 cytokines when 

challenged with allergens in vitro 376. Moreover, the level of clinical efficacy achieved in 

trials to date with TH2 antagonists including recombinant IL-12 377, recombinant IFN-γ 378, 

anti-IgE 379, anti-IL-4 380, anti-IL-5 158 and soluble IL-4R 381 has been disappointing 382. 

Antibodies which target IL-9 and IL-13 are currently in clinical development 383, 384, 

however since T cells produce a vast array of inflammatory cytokines, therapies which 

target individual TH2 cytokines are not likely to be effective 385. A potential solution to this 

problem could be to target upstream signalling genes which regulate multiple downstream 

effector molecules and show less functional redundancy 386. There is thus a need to identify 

new T cell-related drug targets in atopic diseases such as asthma 387, and the application of 

microarray technology to the study of allergic disease models could potentially make an 

important contribution towards this aim.   

 

1.6 Gene expression  

In multicellular organisms, genetically identical cells acquire specialised functions by 

altering their gene expression patterns 31. Gene expression occurs when DNA is transcribed 

to produce messenger RNA (mRNA or transcripts), which in turn is translated to produce 

proteins. Gene expression can thus be measured at the mRNA and/or protein level. In this 

study, quantitative reverse transcription polymerase chain reaction (qRT-PCR) and 

microarray technologies were employed for mRNA analysis, and time-resolved 

fluorescence and enzyme-linked immunosorbant assays (TRF/ELISA) were employed for 

protein analysis.  

 

1.7 Microarray Technology  

Traditional methods for monitoring gene expression at the mRNA level such as Northern 

blotting or qRT-PCR typically measure the expression level of a single gene at a time. 
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Microarray technology (also known as Genechip) has revolutionised this field by allowing 

the measurement of gene expression levels in thousands of genes simultaneously, 

producing a molecular signature or snapshot of cells or tissues in any normal or diseased 

state of interest. The technique involves RNA extraction from cells of interest, followed by 

sample amplification and labelling, and finally hybridisation to an array of probes 

interrogating human genes. The florescent label is then acquired by a laser scanner. The 

technology was introduced approximately ten years ago in two different formats. The 

complementary DNA (cDNA) microarray format involves the robotic spotting of cDNA 

probes which are individually amplified and cloned by RT-PCR 388. The alternative format 

was commercialised by Affymetrix and involves in situ synthesis of short oligonucleotide 

probes by photolithography 389. Superior reproducibility and comprehensive coverage of 

genomes from diverse species has established the Affymetrix technology as the gold 

standard in transcriptional profiling, however competing technologies with improved 

sensitivity have recently emerged from Agilent, Applied Biosystems, Amersham 

(Codelink), and Febit  390. Microarray technology is a popular tool for molecular research. 

A recent search using “Microarray” as a search term identified approximately 15 000 

citations in Pubmed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed).  

 

1.7.1 Affymetrix Technology  

Affymetrix analysis involves synthesis of first strand cDNA from total RNA (or mRNA) 

samples in a reverse transcription reaction using an oligo-dT primer which contains a 

promoter site for RNA polymerase. The second strand cDNA is then synthesised by DNA 

polymerase (in the presence of DNA ligase and RNase H) using cleaved RNA from the first 

strand reaction as a primer. The cDNA samples are then purified and complementary RNA 

(cRNA) is synthesised by RNA polymerase in an in vitro transcription (IVT) reaction. The 

IVT reaction contains an optimised ratio of standard ribonucleotides mixed with a biotin-

labelled nucleotide analogue generating labelled cRNA. The cRNA is then fragmented and 

hybridised to the microarray overnight in a hybridisation oven on a rotating carousel. 

Microarray staining and signal amplification are performed by an automated workstation, 

and the process includes the sequential addition of streptavidin phycoerythrin, biotin-

labelled anti-streptavidin antibody, and streptavidin phycoerythrin. The signal is then 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed


 

 26

acquired on a laser scanner. Affymetrix claim that their microarrays have the sensitivity to 

detect transcripts which are expressed at an average level of a few copies per cell.   

 

The Affymetrix Genechips are composed of over one million 11 x 11 μm probe cells. A 

single probe cell contains millions of copies of 25-mer oligonucleotide probes of the same 

sequence, and each probe cell targets a unique sequence 391. For each gene that is fabricated 

on the microarray, 11 individual probe cells are designed to target 11 independent regions 

of the same transcript, and this probe redundancy reduces the effect of cross-hybridisation 

and improves signal to noise ratios 392. These probes are called perfect match (PM) probes, 

because they are identical to the target sequence. Another set of 11 probe cells is also 

designed for each gene, which differ by a single base substitution in the 13th position from 

the first set of probe cells. These probes are called mismatch probes (MM) because they do 

not perfectly match the intended target sequence due to the single base substitution, and 

instead serve as background controls for non-specific binding and cross-hybridisation. 

Affymetrix technology has several other built in features to enhance detection sensitivity 

and specificity which are noteworthy. The data quality may vary in some experiments 

across different regions of a microarray, therefore the 11 PM/MM pairs within a probe set 

are synthesised at different locations of the Genechip to ensure that localised artefacts to do 

affect all of the probes within a set. Probes are also designed to target the last 600 bp of the 

target mRNA sequence because the oligo-dT primer used during the cDNA synthesis step 

will preferentially amplify this end of the mRNA transcript more efficiently.   

 

1.7.2 Microarray data analysis  

1.7.2.1 Data preprocessing algorithms (low-level analysis)  

The first step of analysing a microarray experiment is to calculate gene expression levels 

from the fluorescent intensities which are emitted by the labelled cRNA samples hybridised 

to the arrayed probes sets. The mathematical process is known as data preprocessing or 

low-level analysis and involves three steps including (i) subtraction of background signal, 

(ii) removal of systematic chip to chip variation in the data introduced by technical 

variation (normalisation), and (iii) combining the signal from the 11 PM and MM pairs 

within a probe set into a single value for each gene (summarising). The MAS 5.0 algorithm 
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was developed by Affymetrix for this purpose and the algorithm calculates gene expression 

levels for each chip individually on a chip-by-chip basis (chip-level analysis) 393. A 

significant advancement in the field transpired when Li and Wong demonstrated that by 

comparing the intensities of the individual probe cells simultaneously across many chips 

(probe-level analysis) using algorithms based on statistical models, probe-specific effects 

and biases (i.e. variation in binding affinities causing variations in signal intensities for 

different probes within a probe set measuring the same transcript) could be detected and 

reduced diminishing the high variance previously observed with MAS 5.0-like algorithms 
394, 395. Further reductions in variance were achieved by the RMA (Robust Multi-array 

Average) and closely related PLM (Probe Level Model) algorithms developed by Speed, 

Irizarry and co-workers, which completely ignore the signal from the MM probes and 

calculate gene expression levels based on the PM probes only 396-398. Low-level analysis 

algorithms are continually evolving and increasingly sophisticated. The most recent GC-

RMA (Genechip RMA) algorithm developed by Irizarry is based on statistical modelling of 

the sequence-specific binding properties of probes and other aspects of hybridisation theory 
399-401. The algorithms developed by Irizarry and others are implemented in the freely 

available software package R (http://www.r-project.org/), which is a computing language 

developed solely for statistical analysis and graphics.  

 

1.7.2.2 Selection of differentially expressed genes - fold change method 

The fold increase or decrease of a gene expression level in one sample relative to another 

(ie gene expression ratio) is a simple and intuitive method for evaluating the results of a 

microarray experiment. A fold change of two or greater is historically used in the literature 

as the threshold for selecting differentially expressed genes. However, this cut-off is totally 

arbitrary and gives no indication of the level of confidence that a gene is actually 

differentially expressed 402.  

 

1.7.2.3 Selection of differentially expressed genes - empirical Bayesian statistics  

Analysis of small scale microarray experiments using standard T-tests is problematic 

because an accurate estimate of variance can not be obtained when the number of replicates 

is low. By chance, some genes will have a greatly underestimated variance and will be 

http://www.r-project.org/


 

 28

highly ranked by the T-test leading to type 1 errors (false positives). Bayesian T-tests 

alleviate this problem by “borrowing” information from other genes to estimate the 

variance inherent in the system, and are much more powerful than standard T-tests when 

the number of replicates is low 403. The current study utilised a Bayesian T-test which was 

initially proposed by Speed and Lonnstedt 404, and further developed by Smyth 405.  

 

A multivariate version of the empirical Bayesian T-test was developed by Tai and Speed 

specifically for analysis of microarray time course experiments 406. This method can be 

used to identify differentially expressed genes across time and biological conditions.   

 

1.7.2.4 Multiple testing 

When a standard T-test is performed on a single variable and the significance level is set at 

0.05, a type 1 error would be predicted to occur once in every twenty tests. This is known 

as the false positive rate. In a typical microarray experiment, as many as 50 000 variables 

are measured simultaneously, and in this case 2500 type one errors would be expected to 

occur by chance at a significance level of 0.05. Therefore the p values need to be adjusted 

to take into account the number of tests being performed. Several different procedures have 

been developed to correct for multiple testing including the Bonferroni correction, however 

these methods are too conservative for gene expression studies and have almost no power 
407. An alternative is to report the false discovery rate (FDR) rather than the false positive 

rate. The FDR is the estimated proportion of false positives amongst the tests called 

significant 408, 409. Therefore at a FDR of 0.05 (referred to as a q value rather than p value), 

5% of the reported gene list are estimated to be false positives.   

 

1.7.2.5 Clustering algorithms 

Microarray technology is particularly powerful when comparing gene expression patterns 

across many samples 410. Clustering algorithms are typically employed in these types of 

analyses to identify subgroups (clusters) of samples which have similar expression profiles, 

or to identify clusters of genes which have similar expression patterns (eg. based on their 

pairwise correlation). Clustering algorithms are also known as unsupervised learning, 

because the classes (ie sample clusters or gene clusters) are unknown a priori and are 
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revealed by the analysis. The most commonly used clustering algorithms are hierarchical 
411, K-means 412, and self organising maps 413, 414. However, these algorithms are not ideal 

because they can give rise to clusters which contain some genes with dissimilar expression 

patterns, leading to a large cluster diameter (ie large variation in correlation coefficients). 

The quality threshold algorithm was developed to avoid these short comings, because every 

cluster has a quality guarantee which ensures that the diameter of the cluster does not 

exceed a certain user-defined threshold 415.  

 

1.7.2.6 Pathways analysis and biological interpretation  

The challenge of microarray research is to translate millions of data points into information 

which is biologically meaningful. Several online databases have been developed for 

microarray research which catalogue gene functions and pathways: 

1. Classification of genes into functional groups  

a. Gene ontology consortium (http://www.geneontology.org)  

2. Specific information on gene function 

a. Entrez gene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene) 

b. Genecards (http://www.genecards.org)  

c. Swiss-Prot (http://au.expasy.org/sprot).  

3. Pathway diagrams and analysis  

a. Biocarta (http://www.biocarta.com)  

b. GenMAPP (http://www.genmapp.org)  

c. Ingenuity (http://www.ingenuity.com/products/pathways_analysis.html) 

d. iPath (http://escience.invitrogen.com/ipath/index.jsp)  

e. KEGG (http://www.genome.jp/kegg/pathway.html)  

f. Panther (http://www.pantherdb.org/)  

g. Protein Lounge (http://www.proteinlounge.com)  

4. Known and predicted protein interactions 

a. STRING (http://string.embl.de) 

5. Database of Human genetic disorders  

a. OMIM (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM) 

6.  Database of association studies in human genetic disorders 

a. (http://geneticassociationdb.nih.gov). 

http://www.geneontology.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.genecards.org/
http://au.expasy.org/sprot
http://www.biocarta.com/
http://www.genmapp.org/
http://www.ingenuity.com/products/pathways_analysis.html
http://escience.invitrogen.com/ipath/index.jsp
http://www.genome.jp/kegg/pathway.html
http://www.pantherdb.org/
http://www.proteinlounge.com/
http://string.embl.de/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
http://geneticassociationdb.nih.gov/
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7. Mouse knockout phenotypes  

a. MGI (http://www.informatics.jax.org) 

8. Text mining tools 

a. MEDMINER (http://discover.nci.nih.gov/textmining/main.jsp) 

b. PUBGENE (http://www.pubgene.org/) 

c. HAPI (http://132.239.155.52/HAPI/input.htm)  

d. PUBMATRIX (http://pubmatrix.grc.nia.nih.gov/).    

9. Microarray data sets of tissue-type specific gene expression 

(http://symatlas.gnf.org/SymAtlas/) 

10. Public microarray data repositories 

a. CIBEX (http://cibex.nig.ac.jp/index.jsp/) 

b. Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo/) 

c. Array Express (http://www.ebi.ac.uk/arrayexpress/) 

 

Specialised software can be employed to identify biological pathways and functions which 

are enriched in a list of genes identified in a microarray experiment including FATIGO 

(http://www.fatigo.org/) 416 and Gene Set Enrichment Analysis 417. Although pathways 

analysis can provide insight into the biology of the experimental system under study, many 

genes are involved in more than one biological pathway and function 418, and many genes 

have unknown functions. Therefore detailed functional studies are required to investigate 

the specific role of any newly identified gene in a biological process.   

 

1.7.3 Track record of microarray technology in the literature  

Early microarray-based studies reported in the literature did not provide enough 

information about the quality or reliability of the data, prompting all major journals to 

adopt a policy requiring investigators to submit microarray data to public repositories for 

scrutiny, and to write a detailed report describing the studies which satisfies guidelines 

established by the minimum information about microarray experiments (MIAME) 

organisation 419, 420. Indeed, reanalysis of several studies claiming to have identified 

molecular signatures predictive of clinical outcome in cancer 421-424 by Michiels and 

colleagues demonstrated that the patients were not classified any better than by chance 425. 

These findings fuelled doubts into the utility of microarrays in molecular research 426. 

http://www.informatics.jax.org/
http://discover.nci.nih.gov/textmining/main.jsp
http://www.pubgene.org/
http://132.239.155.52/HAPI/input.htm
http://pubmatrix.grc.nia.nih.gov/
http://symatlas.gnf.org/SymAtlas/
http://cibex.nig.ac.jp/index.jsp/
http://www.ncbi.nlm.nih.gov/projects/geo/
http://www.ebi.ac.uk/arrayexpress/
http://www.fatigo.org/
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However, when applied properly to cancer research, microarray based diagnostics can 

outperform any other standard clinical or histological criteria. The most striking example in 

the literature was the study by van’t Veer and colleagues, who identified a molecular 

signature predictive of the early development of distant metastases 427. When the signature 

was evaluated in an independent set of 295 breast cancer specimens, 180 had a poor 

prognosis signature and 115 had a good prognosis signature, and the corresponding ten year 

survival rates were 55% and 95% respectively 428. 

 

Questions were also raised about the validity of microarray studies when Tan and 

colleagues reported discordant results between Affymetrix, Agilent, and Amersham 

microarray platforms 429, 430. However, reanalysis of the Tan data set by Shi and colleagues 

concluded that the discordant results were due to poor intra-platform consistency in the Tan 

data set and an inferior data analysis strategy 431. In contrast, several studies have reported 

good consistency between Affymetrix microarrays and other platforms 432-434. Moreover, 

cross-platform inconsistencies are reduced when genes are redefined based on the sequence 

overlap of the probes on each platform 435. Furthermore, Affymetrix data has been 

demonstrated to correlate well with data from qRT-PCR 436, the gold standard for gene 

expression quantitation 437. 

 

Another problem with microarray technology is the definition of genes on the microarray, 

which is based on the reliability of the sequence information available at the time of probe 

design. Several investigators have revealed that a large percentage of probe sets do not 

perfectly match the intended sequence if at all 438-442. This has prompted some investigators 

to provide alternative mappings of genes to Affymetrix probe sets making use of updated 

sequence information 439, 442, and highlights the need to validate the findings of any 

microarray experiment using independent technologies.   

 

1.7.4 Principles of gene expression and function unravelled by microarray research 

Natural selection forces have optimised the regulatory elements of genes to allow their 

induction (or repression) when their function contributes to the fitness of a cellular 

processes at hand 443. Moreover, microarray studies have revealed that gene expression 

dynamics contains information about gene function 444. Microarray analysis of periodic 
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gene expression in synchronised Saccharomyces cerevisiae (budding yeast) cultures 

progressing through the cell cycle has revealed that genes with similar expression patterns 

are involved in the same biological pathway/function 445. The same phenomenon was 

observed in S. cerevisiae and Caenorhabditis elegans (Nematode worm) subjected to 

various growth conditions and genetic or chemical perturbation 446, 447, and in human 

fibroblasts stimulated with serum 411, 448. Therefore the function of novel genes can be 

predicted by examining the function of known co-expressed genes 447, 449. Co-regulated 

genes may be clustered in the genome and regulated by cis-acting factors 450-452, or they 

may be located on different chromosomes and induced by a common set of transcription 

factors 445, 453, 454. Intriguingly, recent evidence indicates that expression of TH1 and TH2 

cytokine genes located on separate chromosomes can also be regulated by physical 

interchromosomal interactions in T helper cells 455. 

 

1.7.5 Correlation of mRNA and protein expression levels  

Although most changes in a cell are regulated at the mRNA level 443, 456, a common 

criticism of microarray research is that mRNA expression levels do not generally correlate 

well with protein expression levels 457-459. While this may be true in the steady state, much 

stronger correlations are observed between mRNA and protein measurements when 

multiple time points are considered 460.  

 

1.8 Microarray analysis in allergy research 

Microarray analysis of asthmatic airway tissue can theoretically capture the full gene 

expression signature in a local tissue microenvironment during active disease. However, a 

major caveat of this approach is that in any inflammatory tissue specimen, a large 

proportion of the variation in gene expression profiles may simply reflect the differential 

recruitment of inflammatory cells (sampling heterogeneity), complicating data analysis and 

interpretation 387, 456. The analysis of purified cells alleviates these problems and produces 

more reliable data, although both approaches have been adopted in the study of allergy. 

Microarray technology has been employed in the human allergy literature to study allergen-

activated DC 461, mast cell activation 462, eosinophil survival 463, monocyte activation 464, T 

cell activation 461, cytokine activation of structural airway cells 465, patient sensitivity to 
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glucocorticoid therapy 466, atopy diagnosis 467, and asthmatic tissue sampled at baseline 468 

or after allergen challenge 469. Most of these studies are purely descriptive in nature, 

identifying logical candidates for more detailed functional analysis in followup studies 387. 

The scope of the current review was restricted to studies of T cell activation, TH1/TH2 

subsets, and allergen challenge models.  

 

1.8.1 Microarray analysis of allergen-driven and cytokine-driven pathways of 

asthma 

Instillation of IL-13 in the airways of mice is sufficient to drive the cardinal features of 

allergic asthma, and these symptoms are abolished in the absence of STAT-6 , which is 

required for IL-4 and IL-13 signalling 56. However, several models of chronic asthma 

display variable dependencies on IL-13 and STAT-6 470-472, prompting several investigators 

to characterise IL-13 dependent and IL-13 independent pathways in asthma.   

 

To identify a gene expression signature for asthma which was not dependent on the allergen 

type or sensitisation protocol, Marc Rothenberg and co-workers compared gene expression 

profiles in two separate mouse models of asthma. In the first model, mice were sensitised 

systemically with ovalbumin in the presence of the adjuvant aluminium hydroxide. In the 

second model, mice were sensitised locally via the nasal mucosa with Aspergillus 

fumigatus extract. Microarray analysis of whole lung tissue post intranasal allergen 

challenge in sensitised mice identified 300 genes which were induced in both the OVA and 

Aspergillus models 473. To determine the contribution of IL-4/IL-13 signalling in the 

response profile, the sensitisation and challenge protocols were performed on both wild 

type and STAT-6 deficient genetic backgrounds. Intriguingly, these studies revealed that 

85% of the OVA induced genetic program was dependent on STAT-6, whereas only 60% 

of the Aspergillus induced program was dependent on STAT-6 474. In both models, AHR 

and mucus production were STAT-6 dependent, while neutrophilic inflammation was 

boosted in the absence of STAT-6. Eosinophilia was also abolished in the OVA model in 

the absence of STAT-6, but only partially reduced in the Aspergillus model. A striking 

finding in the study was that in the absence of STAT-6, Aspergillus induced a new genetic 

program consisting of 143 genes which were not induced in wild-type mice. These mice 

were able to sustain inflammation, which was most likely driven by enhancement of TH1 
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signalling pathways 475. These data offer an explanation for the heterogenous pathology 

observed in human asthmatics with respect to eosinophil versus neutrophil numbers in the 

airways 476, and highlight a potential negative effect of therapeutic strategies which target 

STAT-6 signalling pathways 387.  

 

Rothenberg has validated expression of at least 30 genes in murine models of allergic 

asthma by Northern blotting including the STAT-6 dependent genes arginase I, 15-

lipoxygenase, trefoil factor-2, and acidic mammalian chitinase (AMCase) 473, 474, 477-480. 

Moreover, in situ hybridisation experiments demonstrated elevated expression of arginase I 

in human asthmatic tissue 479. The arginase pathway has been implicated in tissue fibrosis 
481. 15-lipoxygenase synthesises the lipid mediator 15-HETE which promotes mucus 

secretion 482 and airway smooth muscle contraction 483. Trefoil factor is thought to stabilise 

mucus gel layers and promote mucosal healing 484. Acidic chitinase is induced by infection 

with pathogens containing chitin - a structural component of invertebrate exoskeletons 

(insects, crabs, beetles), fungi, and parasites, which is not found in mammals 485. A recent 

study by Zhu and colleagues demonstrated that AMCase was elevated in lung tissue from 

human asthmatics, and neutralisation of AMCase via anti-serum or a chitinase inhibitor in a 

murine model of asthma abrogated allergen-induced eosinophilia and AHR, without 

modulating TH1 or TH2 cytokine gene expression 486.  

 

Kuperman and co-workers compared gene expression profiles in three mouse models of 

asthma. These included an ovalbumin allergic model, a transgenic model which 

overexpress IL-13 in the airways (tg-IL-13 mice), and a transgenic model which also 

overexpress IL-13 in the airways but only express STAT-6 in epithelial cells (epi-IL-13 

mice). All three models develop AHR and mucus metaplasia, however the epi-IL-13 mice 

do not develop eosinophilia or fibrosis, thus epi-IL-13 mice are a simplified model to study 

mechanisms of epithelial regulation of AHR and mucus secretion 487. Microarray analysis 

revealed that 583, 351, and 18 genes were regulated in the OVA, tg-IL-13, and epi-IL13 

models respectively. Strikingly, a subset of the genes identified in the epi-IL-13 model have 

a known role in AHR and mucus production, including the chloride channel calcium 

activated-3 (CLCA-3 or Gob-5) 488, AMCase, 15-lipoxygenase, and mucin genes (Muc5ac, 

Muc5b), demonstrating the validity of the study. The study also reported preferential 
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expression of CLCA-3 and the pattern recognition receptor intelectin in qRT-PCR 

experiments on bronchial epithelial brushing from human asthmatics.  

 

Wills-Karp and co-workers have also compared gene expression profiles in mouse lung 

following allergen challenge (OVA) or IL-13 instillation 489. Consistent with the results 

obtained in Kuperman’s study, there was substantial overlap in the OVA and IL-13 induced 

asthma signatures. These results are in sharp contrast to the nonexistent gene expression 

overlap previously reported in human epithelial cells stimulated with IL-13 in vitro 465 or 

allergen in vivo 469. Despite the similarity between OVA and IL-13 responses, blockade of 

IL-13 signalling via a soluble IL-13 antagonist only altered a subset of the allergen-induced 

genes 489. These data may explain why allergen-driven inflammation is more vigorous than 

IL-13-driven pathways 490, and highlight potential pitfalls of therapeutic strategies with IL-

13 antagonists. IL-4/IL-13 dependent pathways of asthma which are independent of STAT-

6 have also been reported in animal models 471, however Wills-Karp and co-workers did not 

observe any gene expression changes induced by IL-13 in STAT-6 -/- mice 489. Wills-Karp 

has also compared pulmonary gene expression profiles in mice after intratracheal 

instillation of IL-4 or IL-13 491. The data revealed that IL-13 induced a set of genes which 

were negatively regulated by IL-4, which may explain why IL-13 is more important than 

IL-4 in TH2 effector functions. In another study, Wills-Karp used a combination of genetic 

mapping techniques 492 and pulmonary gene expression profiling to study mouse strains 

which are highly susceptible (A/J) and highly resistant (C3H/HeJ) to AHR 493. These 

studies identified complement factor C5 which is deficient in A/J mice (but not in C3H/HeJ 

mice) as a susceptibility locus for allergen-induced AHR 493. C5 signalling promotes IL-12 

production, and C5 deficiency is therefore thought to promote a TH2 phenotype 494. Recent 

genetic studies in humans have confirmed an association of C5 with asthma susceptibility 
495, highlighting yet another important link between innate immunity and asthma. Wills-

Karp has also analysed gene expression profiles in nasal epithelial cells as a surrogate for 

the lower airways 496. These studies identified elevated expression of CXCL-11 (I-TAC) in 

asthmatics during acute exacerbations, but not in stable asthmatics or controls. I-TAC 

signals through the receptor CXCR3 which is preferentially expressed on TH1 cells 128, 497, 

and is a major mediator of T memory recruitment from the peripheral blood 498.  
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Laprise and colleagues reported hyperexpression of several protease related genes including 

the serine protease inhibitors SERPINB2 and SERPINB4 in bronchial biopsies from atopic 

asthmatics but not in nonatopic controls 468. SERPINB3 and SERPINB4 can be induced by 

allergen or IL4/IL-13 stimulation of bronchial epithelial cells 469, 499, which can be reversed 

by clara cell protein (uteroglobin) 500. SERPINB4 inhibits the proteolytic activity of the 

recombinant house dust mite allergen Der p1, and thus may protect epithelial surfaces 501. 

Clara cell protein is downregulated in nasal lavage cells from rhinitis patients relative to 

normal control subjects 502. 

 

1.8.2 Microarray analysis of T cell activation 

T cell activation induces an extensive gene expression program which allows control of 

immune responses through cytokine and chemokine gene transcription, followed by 

subsequent cell cycle progression and proliferation 503. Resting T cells on the other hand 

were generally thought to express a more limited gene expression program. This paradigm 

was challenged by the findings of Marrack and colleagues 504, who demonstrated that 

resting and superantigen-activated T cells express a similar diversity of genes. In particular, 

cell cycle repressors were highly expressed in quiescent T cells, suggesting that the resting 

state is actively maintained in the absence of TcR stimulation. Another unexpected finding 

was that following T cell activation, a comparable number of genes are induced and 

repressed, which has been reported elsewhere 505. Ellisen and colleagues performed a 

kinetic study of T cell activation driven by the potent mitogen Con A 506. Genes which were 

differentially expressed by at least 2.5 fold at one or more time points were divided into 

clusters with similar expression patterns using the self-organising map algorithm 413. The 

analysis revealed that clusters were functionally enriched, as reported in other systems 445-

447 411, 448. Further studies are required to extend these observations to T cells activated 

under more physiological conditions, such as in the presence of antigen and antigen 

presenting cells (APC) 507.  

 

A fundamental question in immunology is to characterise the molecular mechanisms which 

regulate T cell tolerance and immunity. One such tolerance mechanism is T cell anergy – a 

state of non-responsiveness or ignorance to specific antigens. A defining feature of anergic 

T cells is the ability to increase intracellular calcium levels 508, a principle exploited by Rao 
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and co-workers to understand the mechanisms of T cell anergy 509. Gene expression was 

compared in T cells stimulated with PMA and ionomycin, which results in full T cell 

activation via stimulation of protein kinase C and calcium signalling respectively (Fig. 3), 

or with ionomycin only, which only activates the calcium pathway and induces anergy. Rao 

and colleagues reported that anergic T cells upregulate the E3 ubiquitin ligases ITCH, CBL, 

Nedd4, and GRAIL, which flag essential components of the TcR signalling machinery (eg. 

protein kinase C, phospholipase C gamma) for degradation 510. Furthermore, they 

demonstrated that ITCH and CBL deficient mice were resistant to anergy induction.  

 

1.8.3 Microarray analysis of TH1/TH2 activation and differentiation   

The importance of the TH1/TH2 paradigm in immunology has prompted several 

investigators to characterise the gene expression landscape following the activation and 

polarisation of TH1 and TH2 cell lines. Studies have been published by the laboratories of 

Lars Rogge 511, Richard Flavell 512, Riitta Lahesmaa 513-518, Kouji Matsushima 519, 520, Asher 

Zilberstein 521 and Charles Mackay 522-524. However there are several caveats of the studies 

which question their relevance to T cell biology in human disease: (i) T cell lines were 

generated in culture by activation with antibodies to CD3 and CD28, which bind the TcR 

with high affinity and bypass important accessory signals provided by APC, resulting in 

non-physiological activation 525-527; (ii) cord blood T cells were used in the human studies, 

which are functionally immature and have global defects in gene expression relative to 

adult T cells from peripheral blood 528-530; (iii) Gene expression was typically analysed in 

cell lines generated from two-independent donors, prompting Lars Rogge and co-workers 

to question the general validity of these studies because in their experience at least five 

independent donors are required to obtain consistent results in T helper cell lines 511, 531. 

This problem is reflected by the striking lack of consistency when eyeballing the gene lists 

reported by the respective studies.   

 

It is difficult to know how many genes are expressed in TH1 and TH2 cells. Thousands of 

genes are increased or decreased following activation of quiescent T cells 506, 514, 524, 

whereas hundreds of genes are differentially expressed between TH1 and TH2 subsets 511, 512, 

514, 517, 522. Flavell reported that TH1 and TH2 cells are quite similar during the first 48 h of 

differentiation, and they only begin to diverge and express gene expression programs 
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characteristic of their functional properties after day 3 512. In contrast, Lahesmaa has 

reported that T helper cells are quite responsive to IL-4 regulating the expression of 63 

genes as early as 2 – 6 h post activation 517. Responsiveness of differentiating T helper cells 

to IL-12 was virtually non-existent at these early time points, which was most likely due to 

a lack of IL-12Rβ expression 517. Lahesmaa identified several IL-4 induced genes involved 

in various activities including activation of IL-3 transcription (NF-IL-3), transcriptional 

repression (HIPK2), recruitment of chromatin remodelling complexes (SATB1), and 

regulation of map kinase signalling pathways (DUSP-6) 514, 515, 517, 532-534. SATB1 was 

elevated in freshly isolated T cells from atopic dermatitis patients relative to nonatopic 

controls 535. BCL-6 – a transcription factor which inhibits TH2 responses 536 was 

downregulated by IL-4 517. Recent reports from the labs of Charles Mackay and Eugene 

Butcher indicate that BCL-6 is highly expressed in TFH 523, 537. Since BCL-6 represses 

GATA-3 expression 538, Mackay proposed that BCL-6 may be a molecular switch that 

determines TH2 or TFH cell fate 523. Mackay’s lab has also profiled gene expression in 

TH1/TH2 and TC1/TC2 subsets 522. The results demonstrated that while there is significant 

overlap in the response patterns of CD4 and CD8 T cells, there were also differences, a 

finding which has been reported elsewhere 539. Interestingly, TC1 cells preferentially 

expressed granzyme C, while TC2 cells preferentially expressed granzymes D, E, and F. 

Further studies will be required to investigate the role of these genes in asthma and allergy. 

Research from the Rogge lab reported that TH2 cells preferentially express α4β7 integrin – 

an adhesion molecule which binds to the mucosal adhesion molecule MADCAM-1 540. 

These data suggest that TH2 cells may preferentially home to mucosal sites 511.  

 

1.8.4 Microarray analysis of T cells from allergic patients   

To date there have only been a limited number of relatively small scale studies 

investigating T cell responses in human atopics. Hansel and co-workers analysed freshly 

isolated CD4 T cells from subjects with mild and severe atopic asthma 541. Overexpression 

of four genes including TGF-β, JunD, CD6, and Plectin-1 in severe asthmatics compared to 

mild asthmatics was confirmed by qRT-PCR. In cell lines, JunD binds to the IL-4 promoter 

in response to CD28 signalling and may enhance IL-4 production 542. CD6 is involved in 

T cell costimulation and adhesion, and plectin-1 cross-links the cytoskeleton and plasma 

membrane and is involved in T cell shape changes and migration 541, 543.  
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Lindstedt and co-workers compared gene expression in allergen-specific T cells from 

atopics with seasonal rhinitis and nonatopic controls 461. MD-DC were pulsed with pollen 

allergen and co-cultured with T cells for 7 days, then restimulated with plate bound anti-

CD3 mAb and soluble anti CD28 mAb for 5 h, then analysed on microarrays. Although the 

microarray results were not validated and the patient numbers were low, several genes of 

interest were upregulated in the co-cultures including growth factors (VEGF, TGF-α), 

inflammatory cytokines (IL-1α, IL-9, IL-17, LIF, LT-α, LT-β), and receptors for a variety 

of proinflammatory molecules (complement, IgE, adenosine, histamine, prostaglandin).  

 

1.9 Study rationale and hypothesis  

It was reasoned that while the patterns of gene expression induced in T memory cells 

in vivo at sites such as the airway mucosa is ultimately controlled by local tissue 

microenvironmental factors, many of the defining features of the responder phenotype of 

individual T memory clones are likely to be to a large extent “fixed”. A classical example is 

the overall TH2 polarity of allergen-specific CD4 T cells in recirculating PBMC T memory 

populations from atopics which secrete the hallmark signature cytokines IL-4, IL-5, IL-9, 

and IL-13. This indicates that significant elements of the potential gene response “program” 

of allergen-specific T memory cells can be accurately revealed by low intensity in vitro 

allergen-stimulation of recirculating memory cells harvested from peripheral blood.  In 

contrast to the previous literature 511-515, 517-524, the study design herein minimised in vitro 

manipulations (in particular prolonged culture) and avoided the use of strong activation 

stimuli, which have the potential to distort patterns of gene expression in T cells 544, 545. As 

such this thesis reports for the first time the results of microarray analysis of 

PBMC-derived T cell responses to a major allergen in short-term primary culture.  

 

1.10 Study design  

Microarray experimental design strategies have to account for sources of variability, which 

include biological variability, technical variability, and measurement error 546. Biological 

variability refers to natural variation in gene expression which is inherent in all organisms, 

and may be influenced by environmental and genetic factors 546. Technical variability is 
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introduced during sample extraction, labelling and hybridisation, while measurement error 

is associated with inaccurate reading of the fluorescent intensities (eg. due to dust 

contamination on the microarrays) 546. In this study, biological replication was 

appropriately emphasised by the study design because statistical inferences can only be 

made about biological populations by sampling multiple individuals from each biological 

condition under investigation 398, 546, 547. The high cost of microarray experiments precludes 

the study of a large number of individuals, however a large sample size is required to obtain 

meaningful results because gene expression is highly variable in humans and even in inbred 

mice 548-550. Therefore a large number of subjects were included in the study, and RNA 

samples were pooled from multiple subjects prior to RNA labelling and microarray 

hybridisation. The pooling strategy involved creation of multiple independent RNA pools 

in order to minimise the chance of an outlying individual biasing the results, and it is 

noteworthy that hybridisation of multiple RNA pools from each subject group also 

accounts for technical variability and measurement error. Microarray analysis of pooled 

RNA samples was used as a preliminary screen to identify novel targets for more detailed 

analysis on reserved individual RNA samples employing the more precise qRT-PCR 

methodology. These experiments were necessary to confirm the identity of the signals 

detected on the microarray using a robust independent technique, and to evaluate subject-

to-subject variation in gene expression patterns. A second round of validation experiments 

were performed which involved qRT-PCR analysis of novel gene expression patterns in a 

larger independent cohort of patients. These experiments were necessary to control for 

random sampling variability (the chance occurrence of a sample from one population 

differing significantly from another population, even though the populations do not differ) 
547. In all subjects, gene expression levels in allergen stimulated cells were compared with 

levels in unstimulated cells at baseline. This allows distinction of gene expression changes 

which are due to differences in the response patterns of different subjects to allergens, as 

opposed to differences between subjects in constitutive levels of gene expression which 

may be due to unrelated genetic or environmental influences. As an additional internal 

positive control, cytokine expression levels were evaluated in all experiments at the mRNA 

or protein level (or both) to determine if the atopic patients displayed the predictable pattern 

of TH2 cytokine hyperexpression relative to nonatopic controls as reported in the literature.  
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1.11 Study Aims  

The primary aim of this study was to identify novel genes associated with allergen-driven T 

cell responses in human atopics. 

 

The secondary aim was to identify allergen-driven gene expression patterns in T cells 

which are associated with expression of clinical symptoms in the airways.  

 

1.12 General overview of the results chapters 

In Chapters 3 and 4, methodology was established and employed to characterise the 

kinetics of allergen-driven gene activation in PBMC from atopic and nonatopic subjects. 

Several novel atopy-associated genes were identified and validated by qRT-PCR in 

independent panels of subjects. Extensive cell separation experiments were also performed 

to characterise gene expression patterns in CD4 and CD8 T cells as well as in remaining 

cells, which were purified from allergen-stimulated PBMC. The novel genes reported in 

these studies represent logical candidates for more detailed immunological and genetic 

studies related to atopy pathogenesis. 

 

In Chapter 5, CD4 T memory responses to allergens were compared in atopics with or 

without asthma. Allergen-driven T cell responses in both groups were associated with 

upregulation of a vast but comparable array of proinflammatory mediators (IL-4, IL-5, IL-

9, IL-13, LIF, IL-17, IFN-γ, TNF-α, GZMB). However, some differences were also 

identified which require validation in an independent sample of atopics with or without 

asthma.   

 

In Chapter 6, a series of experiments involving activation of PBMC via a panel of 

alternative T cell mitogenic stimuli demonstrated that a subset of the novel atopy-associated 

genes remain quiescent in non-physiological T cell responses driven by potent mitogens. 

These data suggest that T cells stimulated with “artificial” mitogens may use alternative 

activation pathways, and demonstrate how the validity of T cell-related drug target 

identification by microarray screening can potentially be compromised by the choice of 

stimulants applied to the cells being screened.  
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The role of the novel genes DACT1 and CAMK2D was then investigated in PBMC 

responses driven by bacterial superantigens. Silencing DACT1 and CAMK2D expression 

via RNA interference did not modulate cytokine production or proliferation in these 

responses. However, microarray profiling of the responses identified putative 

transcriptional targets downstream of each gene. Further studies are now required to 

validate these findings and also to investigate the role of the other novel genes identified in 

this thesis in T cell activation.  
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2. Chapter Two: Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 44

2.1 Subjects 

Subjects were volunteers aged 11-58 years, and they were selected from cohorts which 

were established as part of other asthma and allergy studies being conducted within the lab. 

Atopic status to house dust mite (HDM) extract (Dermatophagoides pteronyssinus) or 

peanut allergen extracts was determined by skin prick test (SPT) and/or positive serum 

allergen-specific IgE (≥ 0.35 kU/L). Atopy was defined by SPT wheal size ≥ 5 mm for 

microarray studies. For qRT-PCR based studies on larger independent panels of subjects, 

atopy was defined by a less stringent SPT wheal size ≥ 3 mm. The study was approved by 

our institutional human ethics committee.  

 

2.2 Cell preparation and culture methodologies 

PBMC cultures were set up by Dr. Kathy McKenna and Ms. Cath Devitt as previously 

described 85, 268, 551 using methodology established in the lab over the past decade 83. 

Briefly, fresh blood was drawn and mixed with an equal volume of RPMI (Invitrogen, 

Australia) supplemented with 20 U/ml heparin (Pharmacia, Australia). PBMC were 

prepared using lymphoprep (Vital Diagnostics, Australia) according to manufacturer’s 

instructions (Axis-Shield, Norway), and cryopreserved in the presence of 7.5% DMSO 

(Merck, Australia) in RPMI medium (Invitrogen, Australia) supplemented with 2% fetal 

calf serum (FCS) (JRH Bioscience, Australia). PBMC were thawed from cryopreserved 

stocks and cultured in 96-well plates at a concentration of one million cells per ml in AIM-

V serum-free medium (Invitrogen, Australia) supplemented with 4 mM 2-mercaptoethanol 

(2-ME) (Sigma, Australia).  PBMC cultures were incubated at 37 °C in 5 % CO2 in 

medium alone (unstimulated control cultures at baseline) or that containing one of the 

following stimuli; 10 μg/ml HDM (D. pteronyssinus, CSL, Australia), 10 μg/ml of Purified 

Protein Derivative (PPD) (Mycobacterium tuberculosis, CSL, Australia), 200 ng/ml 

Staphylococcal enterotoxin B (SEB, Sigma-Aldrich, Australia), 1 μg/ml 

phytohemagglutinin (PHA) (Murex Biotech Ltd., Dartford, UK), soluble anti-CD3 OKT3 

supernatant (1/100 dilution) in AIM-V plus 20 U/ml recombinant IL-2 (sCD3) (Cetus, 

Emeryville, CA), 10 ng/ml phorbol 12-myristate 13-acetate (Sigma, Australia) plus 400 

ng/ml ionomycin (PMA+I) (Sigma, Australia), or 5 μL/ml (equivalent to a bead-to-cell 

ratio of 1:2) of microspheres conjugated with anti-CD2, anti-CD3 and anti-CD28 
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monoclonal antibodies (rAPC) (Miltenyi Biotec, Germany). PBMC were also stimulated in 

96-well plates containing immobilised anti-CD3 OKT3 mAb in the presence of 20 U/ml 

recombinant IL-2 (iCD3) (Cetus, Emeryville, CA). Anti-CD3 was immobilised to the 

culture plates according to the following protocol; 96-well culture plates were incubated 

with sheep anti-mouse antibody diluted 1/1000 in PBS (Invitrogen, Australia) for 2 h at 37 

°C in 5 % CO2, then incubated at 4 °C overnight. The plates were washed three times with 

warm RPMI, then coated with OKT3 supernatant diluted 1/100 in AIM-V for 2 hours at 37 

°C, followed by three more washes with warm RPMI. The OKT3 cell line was a gift from 

Professor Ursula Kees and can be obtained from the American Type Culture Collection 

(Rockville, MD). OKT3 supernatant was prepared in house by Mrs. Barbara Holt at an 

approximate concentration of 1 mg/ml. In Chapter 3.3.4, PBMC samples were obtained 

from a previous study 268, and in Chapter 4.3, PBMC samples were obtained from a study 

currently being conducted within my host lab by Dr. Elysia Hollams, Dr. Julie Rowe, Ms. 

Agata Sadowska, Ms. Claire Ladyman, Mr. Devinda Suriyaarachchi, and Mr. Michael 

Serralha.  

 

Forerunner studies with the HDM extract used in this study demonstrated that the in vitro 

stimulatory effects of this allergen on cytokine production in PBMC were not influenced 

significantly by covert LPS contamination 268. It was not logistically possible to use the 

same batch of HDM for all the gene expression studies reported in this thesis, however 

dose-response experiments were performed on different batches of HDM extracts by co-

workers in the lab to ensure that they yielded consistent results, including lack of effects 

due to LPS.  

 

In the peanut allergy studies, PBMC were cultured in RPMI (Invitrogen, Australia) 

supplemented with 5% autologous serum, in the presence or absence of 10 μg/ml HDM, or 

100 μg/ml whole roasted peanut extract. The culturing conditions for the peanut allergy 

studies were optimised by Ms. Angela Rate. The peanut allergen extract was prepared by 

Ms. Angela Rate as detailed previously 552.  
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2.2.1 Purification of CD4 and CD8 T cells  

Where specified, CD8 T cells then CD4 T cells were isolated from allergen-stimulated 

PBMC at the termination of the cultures just prior to RNA extraction by positive selection 

using anti-CD8 and anti-CD4 Dynabeads according to the manufacturer’s instructions 

(Dynal Biotech, Australia). The proportion of CD3 positive cells within the resulting CD8 

and CD4 populations was assessed in preliminary experiments and was routinely 92 % and 

99 % respectively, as determined by FACS (Fluorescence Activated Cell Sorting) analysis 

which was performed by Dr. Kathy Mckenna. Approximately 5 – 10 % of the CD8 positive 

fraction was also positive for the natural killer cell marker CD56. The remaining CD4 and 

CD8 depleted cell fraction was not totally devoid of T cells, containing a combined total of 

10 – 15 % CD4 or CD8 positive cells.  

 

2.2.2 Enrichment of recently activated CD69+ T cells  

Recently activated T cells were isolated from bulk 20 ml flask cultures of allergen-

stimulated PBMC by positive selection of cells expressing the early activation antigen 

CD69 553. Preliminary experiments indicated that a substantial number of CD14 (monocyte 

marker), CD19 (B-cell marker), and to a lesser extent CD56 (NK cell marker) positive cells 

expressed CD69. Therefore at the termination of the cultures just prior to RNA extraction, 

CD14 and CD19 cells were depleted, then CD69+ cells were positively selected using 

Dynabeads according to manufacturer’s instructions (Dynal Biotech, Australia). The purity 

of the resulting CD69 positive cell population was not assessed.  

  

2.2.3 Isolation of dividing CFSE-labelled allergen-driven T cells  

Selection of dividing cells in HDM-stimulated cultures employing the dye carboxy-

fluorescein diacetate, succinimidyl ester (CFSE) (Invitrogen, Australia) was based on 

methodology in Turcanu et al. 554. Briefly, PBMC were stained with 5 μM CFSE for 5 

minutes at 37 °C. The cells were then washed with RPMI medium supplemented with 2% 

AB serum (prepared in house by Mrs. Barbara Holt using donors with AB bloodtype) to 

stop the labelling reaction, followed by several washes in AIM-V/2-ME medium. PBMC 

were counted and resuspended at 1 million viable cells per ml in AIM-V/2-ME medium in 

20 ml bulk culture flasks and stimulated with 10 μg/ml HDM for six days, then dividing 
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cells (CFSE low) were sorted by Dr. Matt Wikstrom on a FACS-Vantage Flow 

Cytometer/Cell Sorter (Becton Dickinson, Australia). Cells were split into replicate wells 

post sorting, rested overnight in culture, then one well was restimulated with 10 ng/ml 

PMA (Sigma, Australia) and 400 ng/ml ionomycin (Sigma, Australia) for six hours. The 

purity of the allergen-driven, dividing cell population was not assessed. 

 

2.3 Silencing gene expression in primary T cells by RNA interference  

2.3.1 Short interfering RNA duplexes  

Small/short interfering RNA (siRNA) duplexes that target CAMK2D, DACT1, and a non-

silencing control siRNA (Control-S1) designed to avoid all known genes were designed by 

and purchased from Qiagen, Australia. A second non-silencing control siRNA was 

purchased from Ambion (Control-S2).  

 

Table 3: siRNA duplex sequences  

Target gene Sense Antisense 

DACT1-S1 r(GCAGGAGAACAAAGUUGUA)dTdT r(UACAACUUUGUUCUCCUGC)dGdG 

DACT1-S2 r(GUGUGAUCUGGUGUCUAAA)dTdT r(UUUAGACACCAGAUCACAC)dTdG 

CAMK-S1 Proprietary  Proprietary 

Control-S1  r(UUCUCCGAACGUGUCACGU)dTdT r(ACGUGACACGUUCGGAGAA)dTdT 

Control-S2 Proprietary  Proprietary  

 

2.3.2 Transfection of primary PBMC using Amaxa electroporation technology 

PBMC were freshly prepared and five million cells were transfected with 1 μg siRNA in 

each reaction via electroporation using the human unstimulated T cell transfection kit 

VPA1002 (Australian Biosearch) and the Amaxa Nucleofector electroporator (Australian 

Biosearch) according to manufacturer’s protocols (Amaxa GmbH, Germany). Briefly, cells 

were pelleted at 1000 rpm for 10 minutes, then resuspended in 100 μL of transfection 

solution (Australian Biosearch). Cells were electroporated using pre-optimised conditions 

specified by Amaxa (programme U-14), then 1 ml of prewarmed RPMI medium 

(Invitrogen, Australia) supplemented with 10% heat inactivated fetal calf serum (JRH 
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Bioscience, Australia) (RPMI/10 % FCS) was added to the cells. After transfection, two 

separate protocols were employed to handle the cells. Protocol version 1: Cells were rested 

in bulk culture in RPMI/10 % FCS for 6 h, then counted and plated at a concentration of 1 

million/ml in 96-well plates followed by culture in the presence or absence of 200 ng/ml 

SEB (Sigma-Aldrich, Australia). Protocol version 2: Cells were made up to 3 ml (without 

counting) and immediately plated in 96-well plates, rested for 6 h in culture, followed by 

culture in the presence or absence of 200 ng/ml SEB (Sigma-Aldrich, Australia) in 

RPMI/10 %  FCS.  

 

2.4 Quantitation of cytokine protein secretion 

Cytokine protein secretion in 48 h cell culture supernatants was quantitated by ELISA (IL-

5), and TRF/ELISA (IL-10, IL-13, IFN-γ) by Ms. Cath Devitt as detailed previously 551. 

Data was expressed as expression level above background (level in stimulated cells minus 

level in unstimulated cells). The Mann-Whitney U-test was employed for statistical analysis 

and was performed in Prism software (GraphPad Software Inc., San Diego, CA).  

 

2.5 Proliferation assays 

Proliferation assays were performed by Dr. Kathy Mckenna as detailed previously 83. 

Briefly, after transfection of PBMC (Chapter 2.3.2, protocol version 2), 150 μL of PBMC 

were plated out per well in triplicate in 96-well round bottom plates, and after a 6 h rest 

were stimulated with 200 ng/ml SEB. Parallel control wells containing no stimulus were 

also set up in triplicate. After 36 h or 60 h of SEB stimulation, a 100 uL aliquot of the 

medium was removed from each of the triplicate wells for cytokine protein analysis, then 

0.5 μCi of 3H thymidine was added to each well, and the cultures were incubated for a 

further 6 h for 3H thymidine uptake. The cells were then harvested onto glassfibre (Packard, 

Australia), and thymidine uptake was assayed as counts per minute (cpm) using a Packard 

Matrix 9600 beta counter (Packard, Australia). Data expressed as median cpm above 

background (cpm in stimulated cells minus cpm in control cells).  
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2.6 Extraction and purification of total RNA  

Total RNA was extracted using TRIzol reagent (Invitrogen, Australia) according to 

manufacturer’s instructions, except after phase separation, the aqueous phase was further 

purified using the RNeasy mini kit (Qiagen, Australia) according to the Qiagen protocol. In 

one experiment (Chapter 3.2.2), total RNA samples prepared using the RNeasy mini kit 

(Qiagen, Australia) without the TRIzol separation step were obtained from a previous 

study. Since this protocol results in extensive genomic DNA contamination, a DNase 

treatment step was performed on these samples using TURBO DNase according to 

manufacturer’s instructions (Geneworks, Australia). RNA yield and purity was assessed by 

spectrophotometry. RNA integrity was periodically assessed using Bioanalyser (Agilent 

Technologies, Palo Alto, CA) technology which was provided as a service by Ms. Violet 

Peeva from the Lotteries State Microarray Facility (Perth, Australia).  

 

2.7 Quantitation of mRNA expression by qRT-PCR 

2.7.1 PCR Primers for qRT-PCR analysis of gene expression 

PCR primers for qRT-PCR amplification of target genes were designed in house using 

Primer Express software (Applied Biosystems, Australia), or obtained from an online 

database Primerbank (P.Bank) (http://pga.mgh.harvard.edu/primerbank/ 555), or purchased 

as pre-developed reagents from Qiagen, Australia. The sequences of the primer sets 

designed in house or obtained from P.Bank are tabulated below (Table 4). The sequences of 

the qRT-PCR assays obtained from Qiagen are proprietary and are therefore not known. 

Primers which were not obtained from Qiagen were synthesised by Geneworks, Australia 

or Proligo, Australia. Where possible, primer sequences were designed to amplify all 

known splice variants of the intended target mRNA sequence and were intron-spanning to 

avoid co-amplification of contaminating genomic DNA. Primers were checked for 

specificity in silico by similarity searching against known human sequences employing the 

Basic Local Alignment Search Tool (BLAST) algorithm 

(http://www.ncbi.nlm.nih.gov/BLAST/). Primers were tested for specificity by analysis of 

the melting profile of the PCR products (see below for a description of the melting profile 

analysis and see Appendix Three for the actual data). 

 

http://pga.mgh.harvard.edu/primerbank/
http://www.ncbi.nlm.nih.gov/BLAST/
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Table 4: PCR primer sequences for mRNA quantitation by qRT-PCR 

Gene Forward primer (5'-3') Reverse primer (5'-3') Source 
CCL-8  CAAGGAAGCTGTGATCTTCAAG TTCAAGCTCTGACTCTCAGTCCAT In house 

CISH GGGAATCTGGCTGGTATTGG TTCTGGCATCTTCTGCAGGTGTT In house 

DACT1  AACTCGGTGTTCAGTGAGTGT GGAGAGGGAACGGCAAACT P.Bank 

EEF1A1 CTGAACCATCCAGGCCAAAT GCCGTGTGGCAATCCAAT 556 

FOXP3  GAAACAGCACATTCCCAGAGTTC ATGGCCCAGCGGATGAG 557 

GNG8  GAACATCGACCGCATGAAGGT AGAACACAAAAGAGGCGCTTG P.Bank 

GZMB  GCGAATCTGACTTACGCCATTA GCCTCCAGAGTCCCCCTTAA In house 

IFN-γ GAAAAGCTGACTAATTATTCGGTAACTG GTTCAGCCATCACTTGGATGAG In house 

IL-13 CAACATCACCCAGAACCAGAAG TGGTGTCTCGGACATGCAA In house 

IL-17 AAGACCTCATTGGTGTCACTGCTA TGGGCATCCTGGATTTCG T In house 

IL-17RB TGTGGAGGCACGAAAGGAT GATGGGTAAACCACAAGAACCT In house 

IL-3 AAGCTGGGTTAACTGCTCTAACAT CTCAATTGCTGATGCGTTCTGT In house 

IL-4  AACAGCCTCACAGAGCAGAAGACT TTCCTGTCGAGCCGTTTCA In house 

IL-4R TATGTCAGCATCACCAAGATTAAGAAAG CCACTGTGACCCCTGAGCAT In house 

IL-5 TCCTGTTCCTGTACATAAAAATCACC CTAGGAATTGGTTTACTCTCCGTCTT In house 

IL-9 GATCCAGCTTCCAAGTGCCA TGCAGTTGTCAGAGGGAATGC In house 

IRF-1 CAGCACCAGTGATCTGTACAACTTC CCACTCCGACTGCTCCAAGA In house 

LIF CCCATCACCCCTGTCAACG GGGCCACATAGCTTGTCCA In house 

MALAT1 TTTTCTTGTTTTCTGTTACACCTTGAGT TGTAAATGTAGAGTTTGGATGTGTAACTGA In house 

NDFIP2  AGTGGGGAATGATGGCATTTT AAATCCGCAGATAGCACCA P.Bank 

OAZ  TCAATTTACACCTGCGATCACTG GTTGTGGGTCGTCATCACCA P.Bank 

PECAM1  AGTCCAGATAGTCGTATGTGAAATGC GGTCTGTCCTTTTATGACCTCAAAC In house 

PLXDC1 CCTGGGCATGTGTCAGAGC GGTGTTGGAGAGTATTGTGTGG P.Bank 

RAB27B  CAGAAACTGGATGAGCCAACT GACTTCCCTCTGATCTGGTAGG P.Bank 

STAT-1 CCTGCTGCGGTTCAGTGA CGAATGATGTCAGGGAAAGTAACA In house 

TNF-α GGCAGTCAGATCATCTTCTCGA TCAGCTTGAGGGTTTGCTACAA In house 

LOC1382

55 

TGCATTGACAACGTACTCAGAA TCATCTTGACAGGGATAAGCAT In house 

 

2.7.2 Reverse transcription and real time PCR analysis  

Total RNA was reverse transcribed using random nonamers (Geneworks, Australia), 

anchored oligo-dT (Sigma, Australia), Superasin RNase inhibitor (Geneworks, Australia) 

and the Omniscript kit according to the manufacturer’s instructions (Qiagen, Australia). 

Reverse transcribed RNA samples (cDNA samples) were diluted 1/10, and quantitated by 
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PCR using the Quantitect PCR mastermix (Qiagen, Australia), which is based on SyBr 

Green chemistry. Briefly, PCR reactions were set up manually or using a Packard 

Multiprobe II robotic workstation (Perkin Elmer, Australia), which was programmed by Dr. 

Elysia Hollams. Primers were added to the reaction at a final concentration of 300 nM and 

thermocycled on the ABI Prism 7900HT (Applied Biosystems, Australia). Primerbank and 

in-house assays were cycled as follows: reactions were heat denatured at 94 °C for 15 

minutes, then 40 cycles were performed of denaturation (94 °C for 15 seconds), and 

annealing/extension (60 °C for 1 minute). The MAL and IL-4 assays produced a second 

non-specific product with a low melting temperature, therefore an additional high 

temperature data acquisition stage was added to the cycling protocol (78.5 °C for 15 

seconds), which denatured the non-specific product allowing only the annealed specific 

product to bind to the SyBr green dye and generate a signal. The assays purchased from 

Qiagen were cycled as follows: reactions were heat denatured at 94 °C for 15 minutes, then 

40 cycles were performed of denaturation (94 °C for 15 seconds), annealing (55 °C  for 30 

seconds),  followed by extension (72 °C for 30 seconds).  

 

After the qRT-PCR run, the specificity of the reaction was determined by examining the 

melt (or dissociation) profile of the PCR products (i.e. change in florescence as the reaction 

tube is heated, which is dependent on the product size and sequence). If primer pairs 

produced multiple products or co-amplified genomic DNA (i.e. displayed evidence of non-

specific amplification), they were redesigned. Standard curves were prepared from serially 

diluted RT-PCR products or from cloned RT-PCR products. RT-PCR products were cloned 

into plasmids using the TOPO TA cloning kit (Invitrogen, Australia) and were transfected 

by heat shock into One Shot TOP10 chemically competent Escherichia coli cells 

(Invitrogen, Australia) according to manufacturer’s instructions (Invitrogen, Australia).   

 

2.7.3 Statistical analysis of qRT-PCR data  

Gene expression levels were quantitated in relative terms to standards which contain an 

unknown amount of the analyte, therefore the qRT-PCR data can only be compared within 

and not between experiments. Data are normalised (i.e. expressed as a ratio to) to the stably 

expressed gene EEF1A1, and are presented as gene expression levels above background 
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(level in stimulated cells minus level in unstimulated cells). The EEF1A1 housekeeping 

gene was identified as one of the most stably expressed genes in the human genome during 

a genome-wide screen of 11 different human fetal and adult tissues 558. Moreover, the 

stability of EEF1A1 during human T cell activation and differentiaion has been confirmed 

by Lahesmaa and co-workers 556. The Mann-Whitney U-test, Wilcoxon signed rank test, 

Wilcoxon matched pairs test, and paired T-test were employed for statistical analysis of 

qRT-PCR data and were performed in Prism software (GraphPad Software Inc., San Diego, 

CA). Principle component analysis was performed in R software. In figures and tables, 

qRT-PCR data were multiplied by a scaling factor to obtain whole numbers.  

 

2.8 Genome-wide analysis of mRNA expression by Affymetrix 
microarrays   

2.8.1 Pooling total RNA samples from multiple subjects 

For gene expression studies of unfractionated PBMC, cultures from each individual were 

set up with the same initial cell number to ensure equivalent amounts of RNA from each 

subject were added to the pool. For gene expression studies of T cell subsets, RNA samples 

were quantitated by spectrophotometry and equal amounts of RNA from each individual 

were added to the RNA pool. Pooled RNA samples were concentrated using the RNeasy 

Min Elute clean up kit according to the manufacturer’s instructions (Qiagen, Australia). 

 

2.8.2 Affymetrix Genechips  

The current study initially utilised the U133a before moving to the U133 plus 2.0 series 

Affymetrix Genechips (Millennium Science, Australia) when the latter became available. 

The U133a series measures the abundance of 22 283 mRNA transcripts, which includes the 

vast majority of well characterised human genes in the genome. The U133 plus 2.0 series 

superseded the U133 series and measures the abundance of 54 675 mRNA transcripts and 

variants. The U133 plus 2.0 series offers the most comprehensive coverage of the whole 

human genome, interogating all the known genes and their variants as well as poorly 

characterised sequences for predicted/hypothetical genes with no known function.   
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2.8.3 RNA Labelling and microarray hybridisation procedures  

Total RNA samples (~ 1 - 2 μg) were labelled using the Affymetrix one cycle labelling kit 

(Millennium Science, Australia) according to manufacturer’s instructions except: 1) 20 U 

RNase Inhibitor (Geneworks, Australia) was added to first strand cDNA synthesis; 2) 

Reactions were heat denatured (70 °C, 10 min) after first strand cDNA synthesis; 3) 

Samples were incubated for 10 minutes with T4 DNA ligase after second strand cDNA 

synthesis. For experiments employing the U133a series microarrays, production of labelled 

cRNA by in vitro transcription was performed using the Enzo kit (Millennium Science, 

Australia). For experiments employing the U133 plus 2.0 series microarrays, production of 

labelled cRNA by in vitro transcription was performed using the in vitro transcription kit 

which is provided in the Affymetrix one cycle labelling kit (Millennium Science, 

Australia). Fragmentation of cRNA, hybridization to Affymetrix microarrays, washing, 

staining and scanning was performed according to manufacturer’s instructions (Affymetrix, 

Santa Clara, CA). 

 

Experiments involving enrichment of allergen-driven T cells based on expression of the 

activation marker CD69 (Chapter 2.2.2) or sorting of dividing CFSE-low cells (Chapter 

2.2.3) did not generate enough total RNA for microarray analysis using the standard 

labelling protocol. Therefore in these studies, the two cycle Affymetrix labelling protocol 

(often referred to as RNA amplification) was employed according to manufacturer’s 

instructions (Millennium Science, Australia). 

 

2.9 Microarray data analysis  

2.9.1 Quality control of microarray data 

Affymetrix Genechips have built in quality control measures to assess chip-to-chip data 

quality. All microarrays within each experiment were of comparable quality as assessed 

using the parameters listed in Table 5, and detailed reports for the larger microarray 

experiments are provided in the appendix. Microarray scan images were checked for spatial 

defects/artefacts using diagnostic plots from the affyPLM package. RNA integrity was 

confirmed by the β-actin and GAPDH ratios which were always less than 3 except for a 

single microarray in the entire study (see appendix 9.2.8). Reference values for present calls 
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are not provided by the manufacturer for different tissue types, however present calls were 

routinely 45% or greater in PBMC and in purified CD4 T cells on the U133 plus 2.0 

microarrays, which indicated that a substantial number of transcripts (~ 25 000) were 

detected above background staining. The hybrdisation controls were always detected and 

are therefore not mentioned in the microarray quality control reports in the appendix.  

 

Table 5: Quality control parameters built in to Genechip technology 

Parameter  Description  

Scaling factor Inversely proportional to the overall signal intensity of the experiment. 

Values are dependent on sample quality and tissue type.    

Present Call (%) Percentage of transcripts detected above background staining. Values 

are dependent on sample quality and tissue type.    

Background Assess the level of background non-specific signal. Should range 

between 20 and 100 fluorescent units.  

Noise (Raw Q) Dependant on scanner noise and sample quality. Should be less than 3.   

β-actin/GAPDH 

3’: 5’ ratio 

Assess RNA degradation in the sample. Should be less than 3, but 

ideally should be approximately 1.   

Hybridisation 

controls 

BioB, BioC, BioD and Cre are spiked into hybridisation at 1.5 pM, 5 

pM, 25 pM and 100 pM respectively. BioB is spiked at the level of 

assay sensitivity, and should be detected 50% of the time.  

 

The reliability of the β-actin and GAPDH ratios to monitor RNA quality was verified by 

comparing the β-actin and GAPDH ratios measured on 24 microarrays (employed in the 

CD4 and CD8 kinetic experiment presented in Chapter 3.3.3) with those obtained by 

Bioanalyser analysis of total RNA samples, the gold standard in RNA integrity assessment 
559. The mean and standard deviation of the RNA quality ratios (note that a ratio of 1 is 

optimal) across the 24 microarrays were as follows; β-actin ratio 1.018 ± 0.049; GAPDH 

ratio 0.913 ± 0.056. The mean and standard deviation of the corresponding 28S:18S rRNA 

ratios as measured by Bioanalyser were 1.79 ± 0.10. It is noteworthy that these 28S:18S 

rRNA ratios approach the theorectical maximum of 2, however 28S:18S rRNA ratios are 

variable and manual inspection of RNA degradation can be more reliable to assess RNA 
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quality 559. Therefore manual inspection of the Bioanalyser data was performed by Ms. 

Violet Peeva, who reported that all samples were of very high quality, displaying no 

evidence of RNA degradation. It is noteworthy that the RNA integrity number (RIN) 

provides a more reliable estimate of RNA integrity than the 28S:18S rRNA ratio for 

Bioanalyser data 559, however the software for calculating RIN numbers was not available 

to the investigator at the time of the study.  

 

2.9.2 Data preprocessing (low-level analysis)  

Microarray data were analysed in the open-source statistical computing language R 

(http://www.r-project.org/), utilising several additional add-on software packages from the 

Bioconductor Project (http://www.bioconductor.org/) including affy, affyQCReport, 

affyPLM, annotate, hgu133a, hgu133plus2, limma, q value, pamr, and timecourse. The 

PLM algorithm (default model in the affyPLM package) 398, 560 which is based on the RMA 

algorithm 397 was used to calculate gene expression levels (subtraction of background 

signal, normalisation, and summarisation of probe set intensities). The PLM algorithm 

transforms microarray data to the log2 scale, which is the most common transformation 

used in microarray research 547, and all downstream analyses were performed on this scale.  

 

2.9.3 Gene expression ratios and log ratios  

Microarray data are presented as gene expression ratios (expression level in stimulated cells 

divided by the expression level in unstimulated cells) on the log2 scale (i.e. the logarithm to 

the base two of the fold change values). Data are analysed on the log2 scale for two 

reasons; (i) microarray data is spread across a large range of signal intensities but most of 

the data has a low intensity, therefore log transformation enhances 

interpretation/visualisation of high and low intensity data 560; (ii) on the fold change scale, a 

gene which is upregulated by a factor of 2 has a fold change of 2, whereas genes which are 

downregulated by a factor of 2 have a fold change of 0.5, hence values for downregulated 

genes are compressed between 0 and 1 410. These fractions can be manually converted to 

negative values (eg. 0.5 = -2 fold decrease), however this is not practical when dealing with 

lots of numbers. Therefore MA-plots and V-plots (see below) are presented on the log2 

scale to enhance visualisation of high and low signal intensities, but gene expression ratios 

http://www.r-project.org/
http://www.bioconductor.org/
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in tables and scales on heatmaps have been converted to fold change values for 

convenience. It is noteworthy that a log2 ratio of -4, -3, -2, -1, 0, 1, 2, 3, 4 is equivalent to a 

fold change of -16, -8, -4, -2, 1, +2, +4, +8, +16 respectively.  

 

2.9.4 Identification of differentially expressed genes  

To identify differentially expressed genes, gene expression intensity was compared in cells 

stimulated with the relevant antigen (HDM, peanut, or PPD) with unstimulated cells. Each 

time point was analysed independently where applicable. In replicated experiments, a 

moderated T-test 405 was employed in the analysis which is based on empirical Bayesian 

statistics and is more powerful than standard T-tests when the number of replicates is low 
403. In the absence of replicates, differentially expressed genes were identified by the fold 

change method. To account for multiple testing, the FDR 408 was estimated from the p 

values which were derived from the moderated T-test statistics using the method of Storey 

and Tibshirani 409. A FDR of ≤ 0.05 (i.e. q value ≤ 0.05) was selected as the significance 

level for differential expression.  

 

2.9.5 Identification of differentially expressed genes between atopics and nonatopics 
over time  

To rank differentially expressed genes according to their non-consistency of expression in 

atopics and nonatopics over time, a multivariate empirical Bayes (MB-statistic) 406 analysis 

was employed. The MB-statistic is based on the univariate models proposed in 404 and 405, 

which use moderated/Bayesian estimates of the variance to overcome the lack of precision 

due to the low number of replicates. In addition, the MB-statistics also take into account 

any temporal correlation structure typical of time course experiments.  

 

2.9.6 Clustering analysis to identify co-expressed genes    

Clustering algorithms were employed to divide genes into groups or clusters with similar 

expression patterns. Divisive hierarchical clustering 561 was performed employing the 

DIANA (DIvisive ANAlysis) algorithm in R software, and Pearson correlation was 

specified as the distance metric. QT-based (quality threshold) clustering analysis 415 was 
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performed in TMEV software (http://www.tm4.org/mev.html/) 562, Pearson correlation was 

specified as the distance metric, and the maximum cluster diameter allowed was 0.5.  

 

2.9.7 Affymetrix probe set annotations/definitions  

Affymetrix probe sets were initially annotated utilising the bionconductor packages 

annotate, hgu133a, and hgu133plus2 packages in R software. However, gene definitions for 

the probe sets were also checked on the Affymetrix website 

(http://www.affymetrix.com/analysis/index.affx). Occasionally, there were discrepancies 

between R and Affymetrix probe set annotations, and these instances have been reported 

throughout the thesis. The most common problem encountered was that some probe sets 

encoding “predicted/hypothetical” mRNA sequences with no official gene annotations 

according to Affymetrix were assigned official gene names by R software packages. In 

these cases, Affymetrix probe sets were further analysed employing the University of 

California Santa Cruz tools (http://genome.ucsc.edu/), which allows alignment and 

visualisation of Affymetrix probe set binding regions with the human genome sequence, 

with consensus gene mRNA sequences deposited in the highly curated RefSeq database 

(http://www.ncbi.nlm.nih.gov/RefSeq/index.html), and also with gene sequences from the 

Aceview database (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/). RefSeq is the 

premier database for accessing gene sequences for primer design, however it is commonly 

known that RefSeq does not catalogue all the known expressed sequence variants/isoforms 

of each gene, and some genes sequences are not full length. The Aceview database provides 

an alternative and more comprehensive annotation of the human transcriptome, by aligning 

all mRNA sequences in the public domain with the human genome sequence, defining all 

potential splice variants of each gene. However, the empirical nature of the Aceview 

database requires further validation experiments to be performed at the bench.   

 

2.9.8 Functional analysis of differentially expressed genes  

Functional analysis based on gene ontology terms was performed using FATIGO 416 

software. Information on gene function was obtained from the literature, Entrez gene, 

Swiss-Prot, and Genecards (see Chapter 1.7.2.6 for web site addresses). Mouse knockout 

http://www.tm4.org/mev.html/
http://www.affymetrix.com/analysis/index.affx
http://genome.ucsc.edu/
http://www.ncbi.nlm.nih.gov/RefSeq/index.html
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/
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phenotypes were obtained from MGI and information on human genetic disorders was 

obtained from OMIM (see Chapter 1.7.2.6).  

 

2.10 Visualisation of microarray data  

2.10.1 MicroArray plot (MA-plot) 

The results of a fold change analysis were visualised employing a Minus-Average or 

MicroArray plot. The vertical axis on the MA-plot depicts the log2 expression ratio (gene 

expression values on the log2 scale are subtracted, which is equivalent to calculating the 

fold change on a linear scale) of the gene expression intensity in stimulated cells relative to 

unstimulated cells, and thus allows identification of differentially expressed genes. The 

horizontal axis depicts the average overall gene expression level in stimulated and 

unstimulated cells and can be used to determine if a gene is generally expressed at 

relatively high or low copy numbers.  

 

2.10.2 Volcano plots (V-plot) 

Volcano plots 402 are a two-dimensional plot which allow visualisation of differential gene 

expression based on the log2 expression ratio on the horizontal axis, and by statistical 

significance on the vertical axis. The statistical significance was calculated using the 

moderated T-test.  

 

2.10.3 Heat maps 

Heat maps are a convenient graphical tool to display quantitative information for a large 

number of genes on a single plot. Most microarray publications use this format to present 

data. A heat map is a large two-dimensional data matrix. By convention, each row in the 

matrix represents a gene, and each column represents a sample that was hybridised to a 

microarray; upregulated genes are rendered red and downregulated genes are rendered 

green. The intensity of the rendering indicates the intensity of gene induction or repression. 

It is also common to show the results of a hierarchical clustering analysis together with the 

heat map, because hierarchical clusters are visualised using a phylogenetic tree-like graphic 
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(dendrogram) which is displayed adjacent to the rows for gene clusters or adjacent to the 

columns for sample clusters.  
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3. Chapter Three: Preliminary testing of methodology for microarray 
profiling of allergen-driven gene expression in PBMC cultures 
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3.1 Introduction  

Atopic diseases are the most common chronic illness of early childhood affecting one in 

four children in Australia 4. In atopics, immunological memory is inappropriately 

programmed to respond in a harmful way to otherwise innocuous environmental antigens 

(allergens). In the current study, microarray technology was employed to characterise 

allergen-driven gene expression patterns on a genome-wide scale in recirculating T cells 

harvested from the peripheral blood of human atopics. These experiments are challenging 

because the frequency of T cells responding to allergens in the peripheral blood is typically 

very low (less than 1/1000) 83, 368, 563. Accordingly, published microarray studies in this area 

have employed a variety of tissue culture techniques to enrich for the cells of interest prior 

to extraction of RNA 461, 511-515, 517-524, 564. These tissue culture techniques typically involve 

prolonged in vitro manipulation and/or the use of strong activation stimuli, which are 

known to alter gene expression patterns in T cells 544. Therefore alternative strategies were 

investigated in this chapter to minimise such potential artefact, and finally, methodology 

was established to monitor gene expression patterns modulated by allergen extracts in 

short-term primary PBMC cultures.  

 

3.2 Selection of data preprocessing algorithm for gene expression studies 

Previous allergy-related microarray studies in the literature (reviewed in Chapter 1) 

typically employed off-the-shelf Affymetrix algorithms (MAS 5.0) for data pre-processing. 

However, several alternative algorithms have been developed 565 which boast reduced 

variance and enhanced detection of differentially expressed genes. To select an appropriate 

algorithm for data analysis, a subset of data was obtained from Affymetrix 

(http://www.affymetrix.com/support/technical/sample_data/datasets.affx) and analysed 

with three alternative algorithms (MAS 5.0, PLM, GC-RMA). The MAS 5.0 algorithm was 

developed by Affymetrix and is widely used in the literature. MAS 5.0 calculates gene 

expression levels by subtracting non-specific probe signals from specific probe signals 

(PM-MM, see Chapter 1.7.1 and 1.7.2.1). The PLM algorithm completely ignores the non-

specific signal from the MM probes, while the GC-RMA algorithm considers the effect of 

the DNA sequence on the binding capacity of the probes. PLM and GC-RMA fit 

mathematical models across all chips in a data set allowing detection and correction of 

http://www.affymetrix.com/support/technical/sample_data/datasets.affx
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probe-effects (variability in probe performance), while MAS 5.0 analyses each chip 

independently and cannot correct for such biases. In the Affymetrix data set, 39 transcripts 

which were not expressed in Hela cell lines were subsequently spiked into RNA extracted 

from Hela cells at 13 different concentrations ranging from 0 to 512 pM. The experiment 

consisted of two spiked RNA samples (RNA 1X and 2X), which were each hybridized to 

three individual microarrays (i.e. in triplicate), and the concentration of each of the spiked 

transcripts was two fold greater in the 2X RNA sample compared to the 1X RNA sample. 

To identify differentially expressed genes, the data was visualized on MA-plots after low-

level analysis was performed with the three alternative algorithms (Fig. 4).  

 

In the MA-plot in Fig. 4, the log ratio of the gene expression intensity in the 2X versus the 

1X RNA sample (averaged over the triplicates) was plotted on the vertical axis, while the 

average expression level of each gene across all the microarrays in the experiment was 

plotted on the horizontal axis. Ideally, the non-differentially expressed genes (unlabelled 

grey data points in the plot) should be in close proximity to zero with respect to the vertical 

axis, indicating that their expression levels were not changing in the experiment. The 

spiked transcripts (which are labelled on the plot according to their concentration) should 

be outlying from the non-differentially expressed genes ideally by two fold, which is 

equivalent to a value of one on the vertical axis due to the log2 scale. The MAS 5.0 analysis 

was strikingly noisy, because there was a high variance for non-differentially expressed 

genes particularly at low signal intensities. In contrast, the PLM and GC-RMA algorithms 

displayed much smaller variances which were more consistent across all signal intensities, 

and therefore had greater precision than the MAS 5.0 algorithm. The PLM algorithm was 

the only algorithm capable of resolving transcripts spiked at 1 pM from the noise, and was 

thus selected for all low level analyses in the current study. It is noteworthy that an 

abundance of 1.5 pM is approximately equivalent to a few copies of mRNA per cell 566. 
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Figure 4: Influence of three alternative data preprocessing algorithms on detection of 
differentially expressed genes spiked in to a complex RNA sample. 
Data presented as MA-plot. See text for detailed description of experiment.  
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3.3 Alternative tissue culture strategies for obtaining allergen-driven T 
cells prior to microarray profiling  

Allergen-specific responses in T cells are routinely studied by stimulating PBMC from 

human atopics with allergen extracts, and my host lab has an extensive track record in the 

literature in this area spanning over a decade 83, 85, 268, 551. However, at the outset of this 

study it was not known if the Genechip technology had adequate sensitivity to detect 

allergen-specific immune responses in PBMC, because the majority of previous studies in 

this area have employed more sensitive technologies such as qRT-PCR for mRNA 

quantitation. Therefore several alternative tissue culture strategies designed to enrich for the 

cells of interest (allergen-specific T cells) prior to RNA extraction were investigated.  

 

In the first and most sensitive approach, PBMC were labelled with the cell division tracking 

dye CFSE and stimulated with allergen for six days. T cells which are activated by the 

allergen proliferate and the CFSE signal is split evenly between daughter cells, allowing the 

dividing T cells to be identified by their low CFSE intensity relative to non-dividing cells. 

The CFSE low intensity cells were sorted from remaining cells, rested overnight, and 

restimulated with the pharmacological mitogen PMA and ionomycin. In the second 

approach, PBMC were stimulated with allergen for 14 h, then recently activated T cells 

were purified from remaining cells by positive immunomagnetic selection of cells bearing 

the early activation antigen CD69 553. In the third approach, total CD4 and CD8 T cells 

were purified from allergen-stimulated PBMC. In the fourth approach, gene expression was 

profiled in unfractionated PBMC, which is the standard experimental culture system 

employed in the lab. Although this method has the lowest sensitivity, it involves the least 

manipulations and is thus the most pratical method.  

 

3.3.1 Microarray profiling of allergen-driven, CFSE-labelled T cells after 

reactivation with the potent mitogen PMA and ionomycin  

PBMC from two atopic donors (SPT+ to HDM) who were previously known to produce 

elevated quantities of TH2 cytokines in response to HDM stimulation in vitro were labelled 

with CFSE then stimulated with HDM for six days. Dividing cells (CFSE low intensity) 

were isolated from remaining cells by cell sorting, and rested overnight in culture. After the 

overnight rest, the cells were cultured in the presence or absence of the mitogen PMA and 



 

ionomycin (PMA+I) for 6 h. Total RNA was extracted and labelled employing the 

Affymetrix two-cycle labelling kit (known as RNA amplification), then each individual 

sample was analysed on U133a series microarrays. Gene expression levels in PMA+I 

restimulated cells were compared with expression levels in background controls (i.e. cells 

rested overnight but not restimulated), and the results are illustrated in Fig. 5. In the MA-

plot (Fig. 5), positive or negative values on the vertical axis indicate an increase or decrease 

respectively in gene expression levels after mitogen restimulation. It is noteworthy that a 

log2 ratio of 1, 2, 3, 4, or 6 on the vertical axis is equivalent to a fold increase of 2, 4, 8, 16 

or 64 respectively after mitogen restimulation.  Although the purity of the CFSE-selected 

dividing T cells was not assessed, the allergen specificity of the experimental approach has 

been previously documented 554. The presence of an allergen-specific TH2 signal was 

clearly indicated by the strong upregulation of IL-4, IL-5, IL-9 and IL-13, although the 

classical IL-4 induced gene IL-4R remained quiescent in these short term cell lines. Several 

additional proinflammatory genes were also detected in the responses (IL-2, IL-3, IL-6, IL-

17, IFN-γ, LIF, TNF-α, LT-α, GM-CSF, GZMB).  
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Figure 5: Microarray profiling of allergen-driven gene expression patterns in T cells 
after brief restimulation with the mitogen PMA and ionomycin  
PBMC were labelled with CFSE and stimulated with allergen for six days. CFSE-low cells 
were isolated and rested overnight, then restimulated with PMA+I.  Total RNA was 
extracted and labelled using the Affymetrix two-cycle amplification protocol, then 
hybridised to U133a microarrays. Data presented as MA-plot and is the average result from 
two independent donors. Dashed horizontal lines indicate a fold change greater than two. 
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3.3.2 Gene expression profiling of allergen-driven CD69 positive T cells  

A series of experiments were performed employing selection of T cells expressing the early 

activation marker CD69. Representative results are presented here for the same two atopic 

subjects studied in the CFSE selection experiments in the previous section. PBMC from 

these subjects were recultured in the presence or absence of HDM for 14 h. PBMC 

constitutes a mixed population of CD4 and CD8 T cells (70%), B cells (20%), NK cells 

(15%), monocytes (5%), and dendritic cells (<1%) 539, and preliminary FACS experiments 

indicated that a substantial number of CD14+ (monocyte marker), CD19+ (B cell marker), 

and to a lesser extent CD56+ (NK cell marker) cells also expressed CD69 (data not shown). 

Therefore at the termination of the cultures, CD14+ and CD19+ cells were depleted, then 

CD69+ cells were selected employing immunomagnetic separation technology (magnetic 

beads coated with antibodies). The purity of the resulting CD69+ cell population was not 

assessed because this experiment was a pilot study and also because there was not enough 

material to do so. Total RNA was extracted and labelled employing the Affymetrix two-

cycle labelling kit, then each sample was analysed on U133a microarrays. Gene expression 

was compared in HDM stimulated cells with resting cells at baseline, and the results are 

illustrated in Fig. 6. The presence of an allergen-specific signal was indicated by the 

upregulation of TH2 markers (IL-4, IL-4R). However, the CD69-selection experiments 

were not as sensitive as the CFSE-based experiments because several genes (IL-5, IL-9, IL-

13, IL-17, IFN-γ) which were upregulated by at least fifteen fold in the latter were 

upregulated by less than two-fold (if at all) in the former, although gene expression kinetics 

may have been a limiting factor in the CD69 experiments (see below). Three notable 

exceptions were IL-4R, and the novel genes DACT1 and MAL, which were prominent in 

the HDM-driven CD69-selected cells, but were not detected in the CFSE-selected cells 

restimulated with PMA+I (i.e. fold change less than two). Since both experiments were 

performed on the same atopic donors, these data suggest that the in vitro manipulations 

employed in the CFSE selection protocol may distort patterns of gene expression in T cells, 

and a series of experiments addressing this issue are documented in Chapter 6. 

Alternatively, because the purity of the cell populations was not assessed in the CFSE or 

CD69 experiments, it is also possible that different cell types were contributing to these 

differences in gene expression. 



 

The CFSE and CD69 selection protocols required large initial starting cell numbers, 

therefore these cultures were set up in bulk 20 ml flat bottom flasks rather than the standard 

96-well round bottom plates which have been routinely used elsewhere throughout this 

study. In subsequent unrelated experiments, it was established that allergen-specific 

immune responses are much more vigorous in the standard 96-well culturing plates (data 

not shown), and it is likely that the CD69-based experiments in particular would have been 

much more sensitive if cultured under these conditions.   
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Figure 6: Microarray profiling of gene expression patterns in recently activated 
allergen-driven CD69+ T cells  
PBMC were stimulated with HDM for 14 h. At the termination of the cultures, monocytes 
(CD14+) and B cells (CD19+) were depleted, followed by selection of CD69+ T cells. Total 
RNA was extracted and labelled using the Affymetrix two-cycle amplification protocol, 
then hybridised to U133a microarrays. Data presented as MA-plot and is the average result 
from two independent experiments/atopic donors. Dashed horizontal lines indicate a fold 
change greater than two.  
 

3.3.3 Gene expression profiling of allergen-driven CD4 and CD8 T cells  

The tissue culture strategies employing CFSE labelling or selection of recently activated 

CD69 positive cells were successful in isolating T cells responding to allergens, however 

both protocols have several caveats which are noteworthy. The CFSE protocol involves 

prolonged in vitro manipulations (CFSE labelling, six day culture, cell sorting, mitogen 

reactivation), while the CD69 protocol generates a very small amount of material making it 

difficult to assess the purity of the resulting T cell populations. In addition, both protocols 

require RNA amplification, which is known to introduce biases despite being highly 
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reproducible 567. Therefore an experiment was set up to determine if the microarray 

technology could detect a credible allergen-specific signal (i.e. hyperexpression of IL-4, IL-

5, IL-9, IL-13) in total CD4 T cells from atopic subjects, as well as some of the same genes 

which were identified in the CFSE and/or CD69 selection experiments (eg. IL-17, TNF-α, 

DACT1, MAL). It is known that PMA+I rapidly stimulates the production of multiple 

cytokines including IL-4 and IFN-γ within hours 568 as illustrated in Fig. 5, whereas 

allergen-driven expression of IL-4 and IFN-γ has disparate kinetics, the former being 

induced early while expression of the latter is optimal at or beyond 48 h post stimulation 81, 

569, 570. Therefore a kinetic study was set up to facilitate detection of both early and late 

cytokines. PBMC from 10 atopic subjects (SPT+ to HDM) and 10 nonatopic controls were 

cultured in the presence or absence of HDM for 12 h, 24 h, or 48 h. At the termination of 

these cultures, total RNA was prepared from both unfractionated PBMC and from CD4 and 

CD8 T cells which were purified from PBMC by immunomagnetic separation. The PBMC 

RNA samples were archived for an experiment in Chapter 4. The purity of the CD4 and 

CD8 T cells was not assessed in this experiment but was routinely 99% and 92% 

respectively (see Chapter 2.2.1). The TH2-skewed phenotype of the atopic subjects was 

confirmed by qRT-PCR analysis of cytokine production in CD4 T cells (data presented 

later in Fig. 31). A pooling design was adopted for the microarray hybridisations. This 

involved pooling aliquots of the T cell RNA samples into one atopic group (n=pool of 10) 

and one nonatopic group (n=pool of 10) for each cell type (CD4, CD8), at each time point 

(12 h, 24 h, 48 h), for each treatment (unstimulated, HDM stimulated). The RNA samples 

were then labelled and hybridised to U133a series microarrays. Gene expression was 

compared in allergen-stimulated cells with unstimulated cells (HDM/cont), and the data is 

illustrated as heatmaps in Fig. 7. To allow a simple visual qualitative interpretation of the 

data, the maximum value of the scale in the heatmaps in Fig. 7 was set at two fold, 

therefore the actual fold change data (HDM/cont) is tabulated in Tables 6 and 7. Strikingly, 

the majority of inflammatory mediators which were detected previously in the CFSE and 

CD69 based experiments (IL-2, IL-3, IL-4R, IL-5, IL-6, IL-9, IL-13, IFN-γ, GM-CSF, LIF, 

TNF-α, LT-α, GZMB) were upregulated by at least two fold in CD4 T cells from atopics 

after HDM stimulation at one or more time points. Moreover, DACT1 and MAL were also 

detected in the atopic CD4 T cell responses, confirming the T cell origin of these gene 

expression signals.  



 

 

Figure 7: Microarray profiling of allergen-driven gene expression patterns in CD4 
and CD8 T cells purified from HDM-stimulated PBMC 

PBMC from 10 atopic and 10 nonatopic subjects were cultured in the presence or absence 
of HDM for 12 h, 24 h, or 48 h. At the termination of the cultures, CD8 then CD4 T cells 
were purified by immunomagnetic selection. Total RNA was extracted and pooled into 
groups with respect to atopic status, cell type, stimulus, and time point, then labelled and 
analysed on U133a microarrays. Data presented as fold increase (red intensity) or fold 
decrease (green intensity) in gene expression levels after HDM stimulation. Abbreviations; 
AT, atopic; NA, nonatopic; 12 h, 24 h and 48 h were the time points in the kinetic study.  
 

Expression of TH2 genes (IL-4, IL-4R, IL-5, IL-9, IL-13) was virtually undetectable in the 

nonatopic responses, except for limited expression levels at the 48 h time point which was 

much lower than corresponding levels in the atopic subjects (Table 6). Hence 

discrimination between atopic and nonatopic responses was optimal at earlier time points 

(12 h, 24 h) in these cultures as reported previously 81, 569. Upregulation of TH1 genes (IFN-

γ, LT-α, GZMB, IL-12Rβ2) 511 was a common feature of the CD4 T cell response profiles 

in both atopic and nonatopic subjects, although expression levels of GZMB were higher in 

the atopics. Data for the previously reported atopy-associated gene PECAM1 571 and the 

novel gene PLXDC1 were also included in Fig. 7 because they displayed reciprocal 
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expression patterns with respect to atopic status (i.e. they were upregulated in atopics and 

downregulated in nonatopics). 

 

Table 6: Kinetic patterns of HDM-driven gene expression in atopic and nonatopic 
CD4 T cells purified from HDM-stimulated PBMC 
Positive and negative values indicate fold increase or decrease respectively in gene 
expression levels after HDM stimulation. See Fig.7 legend for abbreviations.  
 12 h AT 24 h AT 48 h AT 12 h NA 24 h NA 48 h NA 

PECAM1 1.3 1.1 -1.3 -1.2 -1.2 -1.6 

PLXDC1 2.3 2.2 1.2 -1.2 -1.5 -1.8 

DACT1 6.8 6.8 5.2 1.0 1.0 1.4 

MAL 2.6 2.4 2.0 1.2 1.2 1.4 

IL-4 1.7 1.4 1.5 -1.1 1.1 1.3 

IL-4R 4.2 3.6 2.9 1.2 1.2 1.4 

IL-6 3.4 2.5 2.4 3.2 2.4 2.5 

GM-CSF 1.5 1.6 2.7 1.3 1.4 2.2 

IL-2 1.5 1.8 3.3 1.2 1.4 1.6 

IL-3 3.4 2.8 6.3 1.0 1.0 1.7 

IL-5 1.4 1.9 4.1 -1.1 1.0 1.2 

IL-9 2.3 10.8 38.1 1.0 -1.1 4.4 

IL-13 1.3 1.6 4.7 1.0 1.0 1.9 

IL-17 1.0 -1.1 1.9 1.1 -1.1 1.6 

LIF 1.2 1.5 2.6 1.1 1.1 2.0 

TNF-α 1.3 1.4 2.2 1.2 1.3 1.8 

LT-α 1.2 1.6 3.1 1.6 1.7 2.9 

GZMB 2.3 3.6 6.9 2.0 3.2 4.1 

IFN-γ 1.1 1.3 6.8 1.1 1.4 6.3 

IL-12Rβ2  1.1 1.2 1.7 1.3 1.3 2.0 

 

A striking feature of the HDM-induced gene expression patterns in the atopic CD4 T cells 

was the clear distinction of genes which peaked early (PECAM1, PLXDC1, DACT1, 

MAL, IL-4, IL-4R, IL-6) versus late (GM-CSF, IL-2, IL-3, IL-5, IL-9, IL-13, IL-17, LIF, 

TNF-α, GZMB, IFN-γ) in the responses. To illustrate this point further, the expression 



 

profiles of these genes grouped into respective early and late categories is presented in Fig. 

8. These kinetic data explain why many of the late genes were not detected in the CD69 

selection experiments, because the CD69 experiments were performed at the 14 h time 

point.   

 

 

Figure 8: Kinetic expression patterns of early and late genes in atopic and nonatopic 
CD4 T cells from Fig. 7 and Table 6 as measured on U133a microarrays  

Data expressed as normalised gene expression log2 ratios (HDM/Cont) for early 
(PECAM1, PLXDC1, DACT1, MAL, IL-4, IL-4R, IL-6) or late (GM-CSF, IL-2, IL-3, IL-
5, IL-9, IL-13, IL-17, LIF, TNF-α, GZMB, IFN-γ) genes. See Fig.7 legend for 
abbreviations and experimental details.  

 

Previous studies have established the presence of an allergen-specific signal in the CD8 

T cell compartment of atopics 323, and this was also the case here as illustrated by the 

detection of IL-4R and IL-9 expression in the response profiles of the atopics (Fig. 7, Table 

7). Moreover, expression of the novel genes DACT1 and MAL were also detected in the 

atopic CD8 responses. However, side-by-side comparisons of the relative signal in the 

atopic CD4 and CD8 T cell compartments revealed that the CD4 T cells generally 

expressed a broader range of genes and at higher intensities than the CD8 T cells.  

 

The CD8 T cell responses in the nonatopics whilst detectable were generally restricted to 

expression of IL-6, LT-α, and IFN-γ, which were common to the response profiles of both 

atopic and nonatopic subjects. However, expression levels of IFN-γ were higher in the latter 

group of subjects.  
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Table 7: Kinetic patterns of HDM-driven gene expression in atopic and nonatopic 
CD8 T cells purified from HDM-stimulated PBMC 

Positive and negative values indicate fold increase or decrease respectively in gene 
expression levels after HDM stimulation. See Fig.7 legend for abbreviations. 
 12 h AT 24 h AT 48 h AT 12 h NA 24 h NA 48 h NA 

PECAM1 1.1 1.1 1.1 -1.0 -1.2 -1.2 

PLXDC1 1.4 1.4 -1.1 1.0 -1.0 -1.2 

DACT1 3.1 3.7 3.6 -1.0 1.0 1.2 

MAL 2.1 2.3 2.2 1.3 1.2 1.5 

IL-4 1.0 1.1 1.1 1.0 1.0 1.3 

IL-4R 2.0 2.0 2.1 1.1 -1.1 1.3 

IL-6 10.7 7.3 2.6 12.9 9.1 2.9 

GM-CSF 1.9 1.2 1.8 1.6 1.3 1.9 

IL-2 1.2 -1.0 1.1 -1.0 1.1 1.1 

IL-3 1.1 1.2 1.2 1.1 -1.0 1.2 

IL-5 1.1 1.1 1.2 1.1 -1.0 -1.0 

IL-9 1.2 1.3 3.2 -1.0 -1.0 1.3 

IL-13 1.1 1.1 1.4 1.0 -1.0 1.2 

IL-17 1.1 -1.1 1.2 -1.1 1.1 1.4 

LIF 1.4 1.2 1.6 1.2 1.0 1.4 

TNF-α 1.3 1.2 1.2 1.2 -1.1 1.6 

LT-α 1.2 1.3 2.2 1.3 1.4 2.3 

GZMB 1.1 1.1 1.6 1.2 1.0 1.7 

IFN-γ 1.2 1.5 4.8 -1.1 1.3 7.9 

IL-12Rβ2  1.0 1.0 1.3 1.0 1.0 1.2 

 

3.3.3.1 Validation of gene expression patterns in CD4 T cells by qRT-PCR  

Microarray analysis of gene expression patterns in T cells from atopic subjects identified 

several proinflammatory genes in addition to the classical TH2 cytokines which were 

upregulated by HDM stimulation. However, the microarray experiments were performed on 

RNA samples pooled from multiple subjects, hence the subject-to-subject variability in 

gene expression patterns is not known, and the results may be biased by an outlying 



 

individual “poisoning” the entire pool 547. Therefore two genes were selected for qRT-PCR 

validation experiments on individual RNA samples which were reserved from each subject. 

As illustrated in Fig.9, expression of IL-3 and LIF was significantly elevated in the 

response profiles of the atopic subjects relative to nonatopic controls. The data for LIF was 

unexpected because expression levels of LIF were only subtly higher in atopics (Fig. 7, 

Table 6), although this was consistent at more than one time point. These data demonstrate 

the requirement of qRT-PCR validation when pooled study designs are employed for 

microarray analysis, however it is also noteworthy that there were no replicate microarrays 

in this preliminary experiment and some variation is expected in the data due to technical 

variability and measurement error (see discussion on sources of variability in Chapter 1.10).   

 

 

Figure 9: qRT-PCR validation of cytokine gene expression in atopic and nonatopic 
CD4 T cells purified from HDM-stimulated PBMC at the 48 h time point 

Data presented as gene expression levels above background normalised to the stably 
expressed gene EEF1A1. Statistical analysis by Mann-Whitney U-test.  
 

3.3.4 Gene expression profiling of allergen-driven PBMC  

Successful detection of allergen-specific immune responses in purified CD4 T cells derived 

from primary allergen-stimulated PBMC cultures raised the possibility that microarray 

technology could be employed to monitor gene expression patterns in unfractionated 

PBMC. To test this hypothesis, cryobanked RNA samples were obtained from a previous 

study published by the Holt lab 268, comprising PBMC from 50 atopic and 50 nonatopic 

subjects cultured in the presence or absence of HDM for 48 h. Atopy was defined by 

positive SPT to HDM (wheal size ≥ 3 mm). Analysis of gene expression by qRT-PCR and 

TRF/ELISA at the mRNA and protein levels respectively indicated that TH2 cytokine genes 

(IL-4, IL-4R, IL-5, IL-9, IL-13) were significantly elevated in the response profiles of the 
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atopic relative to nonatopic subjects, while IFN-γ was upregulated to comparable levels in 

both groups (Fig. 10). 

 

Figure 10: Cytokine gene expression above background in PBMC cultures from 
atopic and nonatopic subjects after 48 h of HDM stimulation 

Cytokine production was measured by qRT-PCR at the mRNA (top panel) or by 
TRF/ELISA at the protein level (bottom panel). Statistics by Mann-Whitney U-test. 
 

Aliquots of the total RNA samples from the PBMC were pooled into four groups with 

respect to atopic status (i.e. atopic or nonatopic) and treatment (HDM-stimulated or 

unstimulated control), followed by labelling and hybridisation to U133a microarrays. 

Microarray analysis of gene expression patterns in HDM-stimulated PBMC from the atopic 

subjects revealed a lack of cytokine gene expression above background control levels (Fig. 

11A). Since these RNA samples were extracted using Qiagen RNeasy methodology, which 

is known to co-purify significant amounts of contaminating genomic DNA when a DNase 

treatment step or initial phase separation step using a reagent such as TRIzol (as used 

elsewhere in the study) is not performed, it was reasoned that the lack of sensitivity in this 

experiment may be related to excessive gDNA contamination. Therefore the pooled RNA 

samples were pretreated with DNase, labelled employing a slightly modified version of the 

standard protocol which was altered in an attempt to increase sensitivity (see exceptions to 

protocol in Chapter 2.7.3), then hybridised to Affymetrix U133a microarrays (Fig. 11B).  
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Removal of genomic DNA and/or modifications to the standard labelling protocol 

dramatically increased the sensitivity of the experiment because the average percentage of 

transcripts detected on the U133a microarrays increased from 28.5 % to 58 % of the total 

number of transcripts fabricated on the microarrays. Moreover, upregulation of cytokine 

(IL-5, IL-9, IL-13, IFN-γ) gene expression levels above background control levels was 

clearly evident in the response profiles of the atopic subjects (Fig. 11B). 
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Figure 11: Gene expression profiling of allergen-driven PBMC after 48 h of HDM 
stimulation 
PBMC from 50 atopic donors were cultured in the presence or absence of HDM for 48 h. 
Total RNA was extracted and pooled into two groups (unstimulated or HDM-stimulated), 
labelled without (A) or after DNase treatment (B), then hybridised to Affymetrix U133a 
microarrays. HDM/control is the log ratio of gene expression in HDM stimulated cells 
versus unstimulated cells at baseline. Data expressed as MA-plot, dashed horizontal lines 
indicate a fold change greater than two.   
 

 

To identify differences in the genetic program activated by HDM-stimulation in PBMC 

from atopic and nonatopic subjects, gene expression levels (HDM/control) were compared 

between the two groups, and the top genes which were more highly expressed in atopics 

relative to nonatopics are listed below in Table 8.  As indicated in the table, IL-9 was the 

best discriminator of atopy out of the 22 283 genes fabricated on the U133a microarrays, 

followed closely by IL-5 and IL-13. With the exception of IL-4 and IL-4R (which peak 

earlier than 48 h), these data demonstrate that the Affymetrix technology can identify 

known differences in the response profiles of atopics and nonatopics even when RNA 

samples are pooled from many (n=50) subjects. 
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Table 8: Top genes more highly expressed in atopic (n=pool of 50) versus nonatopic 
(n=pool of 50) PBMC responses after 48 h of HDM stimulation. 

Data expressed as fold increase in gene expression levels after HDM stimulation 
(HDM/cont) in atopics (AT), nonatopics (NA), or the ratio of the two (AT/NA). 

Gene  AT (HDM/cont) NA (HDM/cont) AT/NA 

IL-9 13.8 2.6 5.3 

CXCL-5 (ENA-78) 21.9 7.1 3.1 

CCL-13 (MCP-4) 4.7 2.0 2.3 

OLR1 5.2 2.6 2.0 

CD1E 7.2 3.7 2.0 

PPBP 4.8 2.6 1.9 

BCL2L1 1.9 1.1 1.8 

IL-5 2.2 1.2 1.8 

DACT1 1.9 1.1 1.7 

CCL-2 (MCP-1) 14.1 8.5 1.7 

IL-13 2.6 1.5 1.7 

GM-CSF 4.3 2.6 1.7 

YWHAE 1.8 1.1 1.6 

CISH 2.9 1.8 1.6 

CCL-17 (TARC) 2.6 1.7 1.6 

CCL-7 (MCP-3) 15.8 10.1 1.6 

TACSTD2 6.8 4.4 1.5 

SERPINB2 28.1 18.3 1.5 

 

3.4 Effect of cryopreservation on gene expression profiling studies  

Cryopreservation is commonly used in immunological studies which employ human PBMC 

samples for a variety of logistical reasons. Whilst a broad range of published data suggest 

that antigen-induced gene expression profiles in previously frozen T cells closely resemble 

those reported in T cells cultured and stimulated without freezing (e.g. 268), some reports do 

suggest some differences attributable to cryopreservation 572, although it is not possible to 

determine the contribution of operator-related factors to the apparent variations. 

Accordingly, a preliminary study was carried out to compare immune responses in freshly 
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prepared versus previously frozen PBMC using our standard cryobanking methodology. 

Tuberculin antigen (PPD) was chosen as the test antigen in this experiment as donors with a 

robust response to PPD were readily available to volunteer fresh blood samples. PBMC 

were prepared from four healthy adults with a previous Bacillus Calmette-Guérin (a 

vaccine against M. tuberculosis) vaccination history, and an aliquot was cryopreserved. 

Fresh or thawed PBMC were cultured with or without PPD for 48 h (fresh PBMC were set 

up immediately, thawed PBMC were set up on a different day), and total RNA was 

extracted from the PBMC at the termination of the cultures. RNA samples from each 

individual were combined into a single pool for each preparation of PBMC (fresh, thaw) 

and for each treatment (unstimulated or PPD stimulated), then labelled and hybridised to 

Affymetrix U133 plus 2.0 series microarrays.  

 

To determine if the cryopreservation process alters gene expression patterns in PBMC, 

gene expression levels were compared in fresh and thawed PBMC at baseline. A total of 

253 genes were differentially expressed by more than two-fold between fresh or thawed 

PBMC, and it is noteworthy that this number represents less than 0.5% of the 54, 675 

transcripts interrogated on the microarray. A similar number of genes (274) were also 

differentially expressed between fresh or thawed PBMC after PPD stimulation, however 

since there were no replicates in these experiments, these numbers are highly likely to 

contain some false positive signals and therefore be an overestimation. The genes which 

were modulated by more than two-fold by the cryopreservation process in PBMC at 

baseline or after PPD stimulation are listed in the appendix (see Appendix One). It is 

noteworthy that four of the novel genes identifed later in Chapter 4 of this thesis were 

modulated by between 2 and 2.5 fold in PBMC at baseline (PLXDC1, RAB27B, SYTL3) 

or after PPD stimulation (NDFIP2), therefore the participation of these genes in allergen 

responses was confirmed by qRT-PCR analysis of fresh PBMC samples (data not shown).  

 

The analyses above identify and document differences in gene expression due to the 

cryopreservation process, however the primary aim of this experiment was to determine 

how many of the genes which are detected in PPD responses in thawed PBMC are actually 

involved in PPD responses in fresh PBMC. At a cut-off of three-fold, more than 500 genes 

were modulated by PPD stimulation in thawed PBMC, and 80% of these genes were also 

modulated by more than three-fold in the same direction by PPD stimulation in fresh 
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PBMC. These data indicate that whilst the cryopreservation process alters the expression of 

0.5% of the total number of transcripts fabricated on the U133 plus 2.0 microarray, the vast 

majority of genes induced in an antigen-driven immune response is qualitatively conserved 

in fresh and thawed PBMC.  

 

3.5 Discussion 

The prevalence of atopic diseases has increased dramatically over the past two decades 

reaching epidemic proportions in industrialised western countries 14. Whilst a considerable 

number of drugs targeting inflammatory genes are currently under investigation for the 

treatment of allergic diseases, current treatments are not effective in all patients or in more 

severe forms of disease 384. Therefore more research needs to be done to catalogue the 

complete set of genes and effector pathways involved in allergic inflammation, enabling the 

identification of novel targets for therapeutic intervention. Microarray technology is a 

powerful tool to achieve this goal because it allows the systematic survey of gene 

expression on a genome-wide scale in biological specimens sampled during any 

developmental or diseased state of interest.  

 

In contrast to previous human microarray studies in this area focusing on mitogen activated 

T cell lines and clones 461, 511-515, 517-524, 564, the current study minimised in vitro 

manipulations and avoided the use of artificial T cell activation stimuli which distort 

patterns of gene expression 544, 573, and reports for the first time the findings of microarray 

analysis of allergen-driven gene expression patterns in unmanipulated circulating 

T memory cells harvested from the peripheral blood of human atopics. Despite the low 

frequency of T cells which respond to allergens in the peripheral blood 83, 563, the 

experimental protocols and data analysis strategies developed and implemented in this 

study were able to detect plausible allergen-specific gene expression signals in highly 

purified CD4 and CD8 T cells, as well as in unfractionated PBMC. Moreover, a subset of 

genes which were readily upregulated in allergen-stimulated cells remained quiescent in 

mitogen stimulated cells, justifying the choice of the experimental system adopted 

throughout this study. A series of dedicated experiments documenting the consequences of 

non-physiological T cell activation stimuli on gene expression patterns in T cells are 

presented elsewhere in this thesis (see Chapter 6).  
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The experimental design strategy adopted throughout this thesis involves screening of gene 

expression patterns in pooled RNA samples by microarray followed by more detailed 

analysis employing qRT-PCR analysis of individual RNA samples. A recent systematic 

study on the effects of pooling on statistical inference in microarray experiments concluded 

that pooling is beneficial when less than three microarrays (replicates) are employed for 

each experimental condition, providing that multiple independent pools are analysed 

(multiple pools were not analysed in this chapter because these experiments were only 

preliminary proof-of-principle studies) 574. Moreover, pooling is also beneficial in 

experimental settings where the biological variability is high 547, 574, and in this context it is 

noteworthy that individual immune responses to allergens in PBMC are highly 

heterogeneous 268.  

 

Several observations suggest that microarray analysis of pooled RNA samples can reveal 

cogent information about gene expression patterns in this experimental setting. Firstly, 

microarray analysis of CD4 and CD8 T cell responses to allergens in atopics in Fig. 7 

demonstrated the presence of an allergen-specific signal in the CD4 and CD8 T cell 

compartments of both subject groups, which was TH2 skewed in the atopics, as predicted 

from a vast literature 196, 197, 262-277. The presence of an allergen-specific signal in the CD8 

T cells has been previously reported by Ogg and co-workers 331. Secondly, microarray 

analysis of 48 h HDM-stimulated PBMC samples pooled across 50 atopic subjects detected 

upregulation of TH1 and TH2 cytokines above background levels in unstimulated cells (Fig. 

11B), and comparison of gene expression levels in atopics and nonatopics (Table 8) 

indicated that TH2 cytokines were hyperexpressed in the atopic subjects, consistent with 

results obtained from qRT-PCR and TRF/ELISA analysis of individual samples. These data 

in unfractionated PBMC are quite remarkable because multiple cell types within PBMC can 

contribute to gene expression, adding to the background “noise” of the experimental 

system. For instance, allergens which bind to lipids may modulate toll-like receptor 

signalling pathways in cells of the innate immune system 6. Moreover, allergens can also 

trigger specific IgE-dependent responses in innate immune cells such as dendritic cells 575, 

monocytes 576, and other minor cell populations found within PBMC such as basophils 577. 

Therefore even though microarray technology has adequate sensitivity to detect allergen-

driven responses in unfractionated PBMC, additional experiments performed on purified 
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cells are necessary to verify the cellular sources involved, whilst generating more sensitive 

and reliable data 387, 456.  

 

The gene expression studies reported throughout this thesis employed PBMC from 

cryopreserved stocks. To determine the effects of the cryopreservation process on gene 

expression patterns, immune responses driven by tuberculin antigen were investigated by 

microarray in fresh and thawed PBMC. Direct comparisons of gene expression levels in 

fresh and thawed PBMC at baseline or during recall responses to tuberculin revealed that 

whilst expression of a small subset of genes (see Appendix One) was markedly different in 

thawed PBMC, less than 0.5 % of the total number of transcripts fabricated on the 

microarray were modulated by more than two fold, indicating that the vast majority of the 

transcriptome is not altered by the cryopreservation process. It is noteworthy that four of 

the novel genes identified elsewhere in this thesis were modulated by between 2 and 2.5 

fold in cryopreserved PBMC, therefore the participation of these novel genes in allergen 

responses was confirmed by qRT-PCR analysis of fresh PBMC samples (data not shown). 

 

Kinetic analysis of gene expression profiles in purified T cells provided initial indications 

of two distinct phases of gene expression in the HDM response. Notably, the preliminary 

experiments identified two distinct groups of genes peaking early (PECAM1, PLXDC1, 

DACT1, MAL, IL-4, IL-4R, IL-6) versus late (GM-CSF, IL-2, IL-3, IL-5, IL-9, IL-13, LIF, 

GZMB, IL-17, IFN-γ, LT-α, TNF-α) in the atopic CD4 and to a lesser degree the atopic 

CD8 T cell responses. These included the novel genes DACT1 and PLXDC1, which have 

not been reported previously in the context of atopy or T cell biology. These data, if 

substantiated in followup studies, would suggest that allergens may activate multiple waves 

of inflammation-related genes in T cells, which has implications for disease treatment. For 

instance, therapeutic strategies based on blocking individual cytokines in asthma have been 

ineffective 385, and the current study offers an explaination for these data because a vast 

array of proinflammatory mediators were detected in the atopic responses, highlighting the 

potential need for broader acting anti-inflammatory drugs. The activation of classical TH1 

genes (IFN-γ, LT-α, GZMB, IL-12Rβ2) 511 was a common feature of the allergen responses 

in both atopic and nonatopic subjects, and although not validated by qRT-PCR in this 

study, these data have been reported elsewhere 268, 578. TH1 responses to allergens do not 
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cause inflammation in nonatopic subjects 86, but there is evidence to suggest they may act 

in combination with the TH2 cascade to cause severe inflammation in atopic subjects. 

Studies from the labs of Umetsu and Chaplin have reported that adoptive co-transfer of in 

vitro generated allergen-specific “activated effector” TH1 and TH2 cells into naïve 

recipients followed by allergen challenge within 24 h causes more severe inflammation 

compared to when TH2 cells are transferred alone 303, 304. In constrast, Boothby and co-

workers have reported that when in vitro generated allergen-specific TH1 and TH2 cells 

were co-transferred into naïve recipients and deprived of allergen for 24 days to establish a 

“resting memory” phenotype prior to allergen challenge, TH1 cells neither enhanced nor 

reduced allergen-driven inflammation 579. Therefore the role of TH1 cells in allergic 

inflammation in murine models may depend on the timing and conditions of allergen 

exposure 580.  

 

It is important to emphasise the preliminary nature of this series of experiments which were 

performed at the beginning stages of my project to test the utility and sensitivity of the 

Affymetrix technology and associated analytic methodology, as well as the relevant in vitro 

cell handling systems employed throughout the study. No firm conclusions can be drawn at 

this stage regarding the participation of individual genes in the responses in the absence of 

more detailed and more highly powered microarray studies with parallel validation by qRT-

PCR in independent RNA samples, which is carried out below in the main body of the 

thesis. However, preliminary validation of hyperexpression of the effector cytokines IL-3 

and LIF in the CD4 compartment of atopics by qRT-PCR was performed at the conclusion 

of this phase of the study. IL-3 is known to be upregulated in asthma, and it is an important 

growth factor for prominent cellular mediators of allergic inflammation (mast cells, 

basophils, eosinophils) 581. Upregulation of LIF in allergen-specific T cell responses was 

recently reported by Lindstedt and co-workers 461. LIF belongs to a family of cytokines 

which includes IL-6, IL-11, oncostatin M, ciliary neurotrophic factor, cardiotrophin-1 and 

cardiotrophin like cytokine 582. These cytokines have overlapping effector functions 

because they share a common receptor subunit (gp130), and in this context it is noteworthy 

that pulmonary transgenic expression of IL-6 and IL-11 is known to drive airways 

remodelling in murine models of asthma 166, 582. Intriguingly, LIF drives the differentiation 

of nerves into a cholinergic phenotype (a nerve cell which uses the contractile agonist 

acetylcholine as a chemical messenger to communicate with other nerve cells), and these 
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nerves represent the dominant bronchoconstrictor pathway in asthma 583, 584. Hence more 

detailed studies are warranted into the role of T cell derived LIF in asthma pathogenesis.   

In conclusion, methodology was established to investigate allergen-driven gene expression 

patterns by microarray in T cells harvested from the peripheral blood of human atopics. 

Preliminary experiments in this series identified a vast array of inflammation-related genes 

and some novel genes which may participate in allergic inflammation, and additional larger 

studies are warranted to followup these findings.   
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4. Chapter Four: Identification of novel genes associated with allergen-
driven T cell activation in atopics 
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4.1 Introduction 

Atopic diseases such as asthma are currently thought to be driven by allergen-reactive 

T memory cells displaying a TH2-polarised phenotype. However, human clinical trials with 

TH2 antagonists have proven disappointing 382, suggesting underlying complexities in atopy 

pathogenesis which escape regulation via these approaches. It is likely that additional genes 

associated with the activation program of allergen-specific T memory cells in atopics which 

are central to disease pathogenesis remain unidentified, and the preliminary experiments 

documented previously in Chapter 3 support this possibility. The aim of this study was to 

profile kinetic patterns of gene expression following allergen stimulation in PBMC, and to 

examine the contributions of CD4 and CD8 T cell subsets to these responses.  

 

The experimental strategy involved microarray analysis of RNA samples which were 

pooled across multiple subjects as a preliminary screen to identify logical candidates for 

more detailed analysis on reserved individual RNA samples employing the more precise 

and highly sensitive technology qRT-PCR. As an internal positive control, the performance 

of the cell cultures was evaluated prior to microarray hybridisation by assaying production 

of T cell cytokines to determine if the allergen responses in the atopic subjects displayed 

the predictable pattern of TH2 cytokine hyperexpression relative to nonatopic controls, as 

documented in the literature 196, 197, 262-277.  

 

PBMC were employed initially for gene expression studies to obtain a broad overview of 

the totality of the transcriptional response to allergens. A time course experiment was 

carried out to identify kinetic patterns of gene expression activated by house dust mite 

allergens in PBMC from subjects with or without atopy. These studies identified an early 

wave of novel atopy-associated genes involved in signalling, which were co-expressed with 

IL-4 and IL-4R, followed by a later wave of genes involved in immune effector function, 

which were co-expressed with IL-5, IL-9, and IL-13. Followup experiments were 

performed on CD4 and CD8 T cell subpopulations which were purified from allergen-

stimulated PBMC to identify the cellular source(s) involved, and gene expression patterns 

were investigated in additional panels of subjects to confirm the association of the novel 

genes with atopy. The genes first reported in this study represent logical candidates for 

more detailed immunological and genetic studies into atopy pathogenesis.  
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4.2 Kinetic study of HDM-driven gene expression patterns PBMC from 
in atopic and nonatopic subjects  

PBMC from 10 atopic subjects (SPT+ to HDM) and 10 nonatopic controls (Subject group I 

for future reference) were cultured in the presence or absence of HDM for 6 h, 12 h, 24 h, 

or 48 h, and total RNA was prepared from the PBMC at the termination of the cultures. 

Recall that total RNA samples from PBMC cultured with or without HDM for 12 h, 24 h, 

and 48 h from an independent panel of 10 atopic and 10 nonatopic subjects were archived 

as part of the experiments performed previously in Chapter 3 (Subject group II for future 

reference). Cytokine protein secretion was assayed in cell culture supernatants after 48 h of 

HDM stimulation, and cytokine expression levels in each individual subject as well as 

average expression levels in the pooled groups are illustrated in Fig. 12. The data for IL-5 

confirm the TH2 polarity of the atopics, while IL-10 and IFN-γ responses were common to 

both groups as reported elsewhere 268. In contrast with the literature, IL-13 expression was 

not significantly elevated in atopic subjects, although as documented in chapter 3 and in the 

literature 81, 569 discrimination between atopic and nonatopic responses is optimal at earlier 

time points which was also the case here (see later).  

 

A pooling strategy was adopted for the microarray hybridisations to account for biological 

variability (see Chapter 1.10). At each time point (6 h, 12 h , 24 h, 48 h) for each treatment 

(unstimulated control, HDM-stimulated), aliquots of the RNA samples (PBMC) from 

Subject group I were pooled into four separate groups comprising two atopic groups (AT1 

(n=5), AT2 (n=5)) and their nonatopic counterparts (NA1 (n=5) and NA2 (n=5)). In a 

similar fashion, aliquots of the RNA samples (PBMC) from Subject group II were 

combined into two groups at each time point for each treatment, one atopic group (AT3 

(n=10)), and one nonatopic group (NA3 (n=10)). The pooled RNA samples were then 

labelled and hybridised to U133 plus 2.0 microarrays. The microarray data was of high 

quality as indicated by the quality control report (see Appendix Two). 

 

In this section, kinetic pattens of gene activation driven by HDM allergens in PBMC over 

the 12 – 48 h period are considered. It is noteworthy that these time points bracket the 

period during which expression of T cell activation markers is maximal following in vitro 

stimulation 585. The data for the 6 h PBMC samples were not analysed in this section 



 

because the statistical methods employed for data analysis (MB-statistics) required an equal 

number of replicates at each time point. Therefore the data for the 6 h time point are 

examined later in Chapter 4.2.2.  

 

Figure 12: Cytokine secretion above background in PBMC cultures from atopic and 
nonatopic subjects after 48 h of HDM stimulation 

Cytokine profiles in atopic (n=20) and nonatopic (n=20) subjects which were randomly 
split into three atopic (AT1-3) and three nonatopic (NA1-3) groups to construct RNA pools 
for microarray analysis. Statistical analysis by Mann-Whitney U-test.  
 

 

To identify genes which were activated in response to HDM exposure, gene expression 

intensity in allergen-stimulated cells was compared with that in unstimulated cells 

employing a moderated T-test (q < 0.05). The Venn diagrams in Fig. 13 illustrate the 

qualitative overlap in atopic and nonatopic responses at each time point. These analyses 

revealed that at early time points (12 h and 24 h) following HDM exposure, a similar 

number of genes were activated in PBMC from atopics and nonatopics, while at the 48 h 

time point, the latter upregulated almost twice as many genes as the former in this group of 

subjects. In total, 1482 genes were induced by HDM at one or more time points; 926 were 
 86



 

induced in atopics, 1344 were induced in nonatopics, and 788 were common to both 

groups. Consistent with earlier reports on T cell activation 504, 505, a comparable number of 

genes were downregulated in the responses, but these were not considered further. To 

determine if there were any global functional differences in the response profiles of atopic 

and nonatopic subjects, FATIGO 416 software was employed to classify the genes into 

functional gene ontology categories 586, and to compare the categories in the subject groups. 

Each time point was analysed independently, however no significant differences were 

identified after correcting for multiple testing (data not shown).  
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Figure 13: Time course of genes induced by HDM in atopic and nonatopic PBMC 
PBMC from 20 atopic and 20 nonatopic subjects were cultured in the presence or absence 
of HDM for 12 h, 24 h, or 48 h. The total RNA was extracted and pooled into 3 
independent atopic and 3 independent nonatopic groups at each time point for each 
treatment, and analysed on U133 plus 2 microarrays. Upregulated genes were identified by 
comparing gene expression levels in stimulated cells versus unstimulated cells employing a 
moderated T-test (q < 0.05, see methods).  
 

Previous microarray studies in the literature have demonstrated that co-expressed genes are 

involved in the same biological pathway and function 445-448, 506. In an attempt to extract 

such functional information from the current data set, the 1482 HDM-induced genes were 

classified into subgroups (clusters) based on their expression pattern across all the data 

irrespective of atopic status using the quality threshold algorithm. The analysis identified 



 

29 separate gene clusters, and the average expression patterns of the 12 largest clusters in 

atopic and nonatopic subjects over time are illustrated in Fig. 14. These data demonstrate 

that whilst allergens activate a complex and diverse genetic program in PBMC, many genes 

have similar expression patterns, suggesting a co-ordination of expression and function. 

 

 

Figure 14: Coordinate regulation of gene expression in HDM-stimulated PBMC from 
atopic and nonatopic subjects  
A total of 1482 genes were upregulated in atopic or nonatopic PBMC responses to HDM 
stimulation over the 12 – 48 h time period (see Fig. 13). The data for these 1482 genes were 
analysed employing the quality threshold clustering algorithm, which classifies genes with 
similar expression patterns into clusters. The 12 largest clusters are depicted in this figure. 
Microarray data presented as normalised gene expression log2 ratios (HDM/Control) 
averaged over replicate atopic (AT1, AT2, AT3) or nonatopic RNA pools (NA1, NA2, 
NA3) at each time point (12 h, 24 h, or 48 h).  
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Some genes peaked early in the response at 12 h (eg. clusters 2, 7), or midway through the 

time course at 24 h (eg. clusters 3, 5), or late at 48 h (eg. clusters 1, 4, 6, 8). Cluster 10 was 

more highly expressed in atopics, while clusters 9 and 11 were more highly expressed in 

nonatopics (on average). Strikingly, closer inspection of the genes in each cluster revealed 

that genes which are known to be regulated by TH1 or TH2 cytokines were classified into 

separate clusters accordingly. For instance, IFN-γ expression peaked late at 48 h as 

predicted from the literature 81, 569, 570, and was highly expressed in both atopics and 

nonatopics. More than 600 genes were clustered with IFN-γ (cluster 1, Fig. 14) including 

the classical IFN-γ-induced genes STAT-1, IRF-1, TAP-1, TAP-2, GBP-1, GBP-2, CXCL-

9, SOCS-1, and IDO 587. Two TH2-associated gene clusters were also identified 

demonstrating peak expression early versus late in the responses. The early TH2 cluster 

(cluster 10, Fig. 14) comprised 15 unique genes (and three predicted genes) including the 

principal TH2 growth factor IL-4 and its receptor (IL-4R), and the recently reported IL-4 

induced gene MAL 517. The late TH2 cluster (cluster 6, Fig. 14) contained 47 unique genes 

(and six predicted genes) comprising TH2 effectors (IL-5, IL-9, IL-13, IgE heavy chain (Ig 

epsilon chain), CCL-17 (TARC)), TH2 cytokine induced genes (IL-4 induced 1, CISH, IL-

17RB, GFI-1, SPINT-2) 514, 515, 523, and several other genes of immunological interest (IL-2, 

IL-3, IL-3Rα, CD40, FAS ligand, CCL-13 (MCP-4), CXCL-13) 145, 475. A distinct 

functional bias was obvious in the TH2-associated clusters. Virtually every gene in the early 

TH2 cluster has a known or suspected role in intracellular signalling (Table 9), whereas the 

late TH2 gene cluster was enriched for genes involved in immune effector function. The 

expression patterns of all the genes in the TH2-associated clusters (clusters 6, 10) in 

individual replicate atopic (AT1-3) and nonatopic (NA1-3) pools at each time point are 

illustrated as a heat map in Fig. 15. These data demonstrated that the kinetics of gene 

activation was much more rapid and consistent in the atopic subjects for most of the genes 

in the TH2 clusters (top two thirds of the heatmap in Fig. 15). However, expression of a 

subset of genes was not that different between the two subject groups or was even higher in 

the nonatopic subjects (bottom third of heatmap), which may be due to the unusually high 

level of IL-13 cytokine expression detected at the 48 h time point in PBMC cultures from 

these subjects (Fig. 12). Due to alternative splicing (production of multiple transcript 

variants from a single gene), some genes were detected by multiple probe sets as shown on 

the heatmap. In this context it is noteworthy that SOCS-1 isoforms were detected in both 
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the IFN-γ and TH2 clusters. This was not surprising because SOCS-1 is induced by many 

cytokines including IL-4 and IFN-γ 587, 588. 

 

Table 9: Function of genes co-expressed with IL-4 from the early TH2 cluster  

Gene Chromosome Function 

DACT1 14q23.1 Inhibits activation of JNK and β-catenin signalling 

pathways by dishevelled.  

NDFIP2 13q31.1 Promotes NFκB signalling. Binds to Nedd4. May be 

involved in protein trafficking.  

IL-4R 16p11.2-12.1 Mediates IL-4 and IL-13 signalling via STAT-6.  

GNG8 19q13.2-13.3 Involved in transmembrane signalling.  

MAL 2cen-q13 Role in lipid raft domain-mediated protein trafficking in 

polarised epithelial cells.  

LOC140733 20p12.1 Predicted/hypothetical protein. 

PALM2-

AKAP2 

9q31-q33 Binds to protein kinase A. May be involved in 

establishing polarity during signalling.  

NSMCE1  16p12.1 Ubiquitin-protein ligase activity.  

DPP4 (CD26) 2q24.3 Co-stimulatory role in T cell activation, proteolytic 

activity may regulate activity of selected chemokines.  

SLC37A3 7q34 Glycerol-3-phosphate transporter.  

RAB27B 18q21.2 Role in exocytosis of secretory granules.  

BCL-6 3q27 Expressed in TFH cells and may drive differentiation of 

these cells. Inhibits STAT-6 signalling and GATA-3 

expression.  

LOC138255 9q21.11 Predicted/hypothetical protein. 

LOC23231 4p15.2 Predicted/hypothetical protein. 

CDH1  

(E-cadherin) 

16q22.1 Homophilic adhesion molecule. Ligand for α4β7 

integrin. Binds to β-catenin.  

IL-4 5q31.1 Drives TH2 differentiation and IgE switching.  

NCDN 1p34.3 Regulates CAMKII activity.  

Functional information on genes was obtained from Entrez Gene, Genecards, and Swiss-
Prot (see Chapter 1.7.2.6 for web addresses). 



 

 

 

Figure 15: Expression patterns of genes co-expressed with TH2 cytokines in HDM-
stimulated PBMC from atopic and nonatopic subjects   
See Fig. 13 legend for experimental details. Genes from clusters 6 and 10 in Fig. 14. Data 
are presented as gene expression ratios (HDM/Control) in each replicate atopic (AT1-3) or 
nonatopic RNA pool (NA1-3) at each time point (12 h, 24 h, 48 h). The tree-like diagram 
(dendrogram) links genes with similar expression patterns. Due to alternative splicing some 
genes appear more than once.  
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To investigate the function of co-expressed genes which were potentially hyperexpressed in 

nonatopics, a literature search was performed for the genes in clusters 9 and 11 (from Fig. 

14). This analysis identified several genes which are known to participate in TH1 signalling 

(GADD45, Rac2, PIM-2) 217 589 and effector function (IL-22) 590, although as illustrated 

below in Fig 16, the expression patterns of the majority of the genes in these clusters was 

qualitatively similar in atopics and nonatopics.  

 

Figure 16: Expression patterns of genes from clusters 9 and 11 from Fig. 14 in HDM-
stimulated PBMC from atopic and nonatopic subjects   
See Fig. 13 legend for experimental details. Data are presented as gene expression ratios 
(HDM/Control) in each replicate atopic (AT1-3) or nonatopic RNA pool (NA1-3) at each 
time point (12 h, 24 h, 48 h).  
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The clustering analysis performed above was employed to facilitate the biological 

interpretation of the data, however these algorithms are not appropriate for the task of 

identifying differences in the response patterns of atopics and nonatopics, because they do 

not take into account important statistical concepts such as variability or uncertainty in the 

data, hence a formal statistical approach was then sought for this purpose. The multivariate 

empirical Bayesian (MB-statistic) method derived by Tai and Speed 406 was employed for 

this analysis because it ranks genes according to their non-consistency in expression across 

biological conditions over time, taking into account any temporal correlation structure in 

the data. The top genes (out of 1482 HDM-induced genes) discriminating atopic and 

nonatopic responses to HDM according to the MB-staistics are listed in Table 10. 

Additional information provided in adjacent columns in the table includes the expression 

cluster membership of each gene (from Fig. 14), the time point of peak induction by HDM 

stimulation, the time point of peak differential expression in atopics versus nonatopics, and 

the average gene expression ratio (HDM/control) in atopics and nonatopics at the time 

point when peak differential expression was observed between the two groups. Strikingly, 

this analysis revealed that IL-9 was the best marker of atopy in the genome. Moreover, six 

of the top ten genes discriminating atopic and nonatopic responses were from the early TH2 

cluster. The ranks of genes involved in TH1 and TH2 responses are indicated in parenthesis 

as follows; (i) TH1 markers; GBP-1 (16), IDO (90), STAT-1 (207), IL-22 (212), IFN-γ 

(311), GADD45A (435), IRF-1 (658), TAP-2 (851), PIM-2 (931), GBP-2 (940), TAP-1 

(1325), IL-12Rβ2 (1332), GADD45B (1375), Rac2 (1367); and (ii) TH2 markers IL-9 (1), 

IL-4R (4), IL-5 (26), IL-17RB (50), CISH (87), GFI-1 (146), IL-13 (154), IL-4 (167), 

TARC (172). Whilst the ranks alone don’t indicate whether genes are elevated in atopics or 

nonatopics, they demonstrate that with the exception of GBP-1 and IDO, TH1 genes were 

poorly ranked therefore expression of these genes was not that different in atopics and 

nonatopics. In contrast, classical TH2 genes (IL-4R, IL-5, IL-9) and the novel genes 

identified in the TH2-associated clusters (DACT1, MAL, NDFIP2, GNG8) were excellent 

discriminators of atopy. To combine the strengths of the clustering analysis, which 

identifies interesting genes from a biological perspective, with the MB-statistical analysis, 

which identifies genes based purely on their mathematical attributes, the top 80 ranked 

genes according to the MB-statistics were cross-referenced with the genes from the early 

and late TH2-associated clusters. These genes and their ranks in parenthesis included 
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NDFIP2 (2) DACT1 (3), IL-4R (4), GNG8 (6), MAL (8), LOC140733 (22), PALM2-

AKAP2 (31), NSMCE1 (37), DPP4 (39), SLC37A3 (43), IL-17RB (50), RAB27B (54), 

BCL-6 (64), LOC138255 (79), and CISH (87). 

 

Table 10: Top ranking genes exhibiting kinetic expression patterns discriminating 
atopic and nonatopic responses to HDM 

Data expressed as fold increase in gene expression level over background (HDM/cont). 
MB-

Rank 

Gene Cluster 

Number 

Time peak

induction 

Time peak 

difference 

Atopic 

HDM/Cont 

Nonatopic 

HDM/Cont 

1 IL-9 6 48 h 24 h 11.3 1.6 

2 NDFIP2 10 12 h 12 h 5.1 1.6 

3 DACT1 10 12 h 12 h 7.3 1.5 

4 IL-4R 10 12 h 12 h 2.6 1.2 

5 SELI 1 48 h 48 h 1.2 2.4 

6 GNG8 10 12 h 12 h 2.7 1.3 

7 IL-1R2 1 48 h 48 h 2.4 4.8 

8 MAL 10 12 h 12 h 3.1 1.4 

9 IFI44L 1 48 h 48 h 2.6 5.8 

10 NDFIP2 10 24 h 12 h 3.2 1.3 

11 EDG3 13 12 h 24 h 1.7 1.1 

12 IL-1F9 2 12 h 12 h 38.0 78.8 

13 LIX1L 9 48 h 48 h 0.8 1.6 

14 CYP27B1 1 48 h 24 h 0.9 1.6 

15 CCL-8 1 48 h 48 h 10.2 6.3 

16 GBP-1 1 48 h 24 h 1.5 2.5 

17 GJB2 2 12 h 12 h 5.8 3.1 

18 IL-24 2 24 h 12 h 8.8 37.4 

19 CCL-2 1 48 h 48 h 12.2 39.4 

20 IQCG 19 48 h 48 h 1.0 1.6 

 

High ranking genes which were preferentially expressed in nonatopics included several 

genes from cluster 1 (SELI, IL-1R2, IFI44L, CYP27B1, GBP-1, CCL-2) and cluster 2 (IL-

1F9, IL-24), but surprisingly with the exception of LIX1L none of the top genes were from 
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clusters 9 or 11 (Table 10), which were hyperexpressed in nonatopic subjects on average in 

Fig. 14. It is noteworthy that an alternatively spliced isoform of SELI was detected in the 

late TH2 cluster (Fig. 14), and expression of GBP-1, IFI44L, IL-1R2 and IL-24 was not 

stable in fresh PBMC compared to cryopreserved PBMC (see Chapter 3.4 and Appendix 

One).  

 

4.2.1 qRT-PCR validation of novel genes induced by HDM in PBMC from atopic 
but not nonatopic subjects  

The microarray experiments reported in the previous section were performed on RNA 

samples which were pooled from multiple subjects, and as such do not provide information 

on the subject-to-subject variability in gene expression patterns. To obtain more detailed 

information in this regard, and to formally demonstrate statistically significant differences 

in the response patterns of atopics and nonatopics, qRT-PCR was employed to investigate 

gene expression in separate RNA samples reserved from each individual subject. In this 

section, gene expression was investigated by qRT-PCR in the subjects from the pooled 

groups (AT1, AT2, NA1, NA2) from Subject group I. The individuals from Subject group 

II (pooled groups AT3 and NA3) were not followed up at this stage because gene 

expression in these subjects was investigated at a later stage in this thesis in purified 

T cells. Recall that IL-5 but not IL-13 cytokine release was significantly elevated in the 

total panel of 20 atopic and 20 nonatopic subjects after 48 h of HDM stimulation (Fig. 12). 

Since the previous experiments in Chapter 3 established that earlier time points in culture 

were optimal for specificity, data is presented side-by-side for IL-13 protein levels at the 48 

h time point (Fig. 17A) and mRNA levels at the 12 h time point (Fig. 17B) in the same 

subjects. The data for IL-13 mRNA and the IL-4/IL-5 responses (Fig. 17C, D) demonstrate 

the strong TH2 polarity of these atopic subjects.   

 

A subset of genes from the early TH2 cluster which were highly ranked by the MB-statistics 

were then selected for qRT-PCR validation in PBMC sampled at the 12 h time point. E-

Cadherin (CDH1, MB-rank 116) was also selected for qRT-PCR validation because 

although it was ranked just outside the top 100 genes, it interacts with β-catenin suggesting 

a functional linkage with DACT1.  

 



 

 

 A B 

C D 

Figure 17: Cytokine gene expression above background in PBMC from atopic and 
nonatopic subjects from the pooled groups AT1-2 and NA1-2 from Fig. 12. 

A: IL-13 protein release was quantitated by TRF/ELISA after 48 h of HDM stimulation. B-
D: Cytokine mRNA expression was quantitated by qRT-PCR after 12 h of HDM 
stimulation. Statistical analysis by Mann-Whitney U-test.  
 

The specificity of the qRT-PCR assays were confirmed by dissociation curve analysis (see 

Appendix Three). The data in Fig. 18 demonstrate elevated expression of DACT1, MAL, 

NDFIP2, DPP4, RAB27B, GNG8, NSMCE1, and the predicted gene LOC138255 in the 

response profiles of atopics relative to nonatopics. Moreover, expression levels in both 

groups correlated strongly with IL-4 (Pearson correlation r squared (r2) value > 0.8 and p 

value < 0.0001 for most genes), suggesting a general association with TH2 cytokines and 

not atopy per se. Expression of CDH1 was strongly upregulated by HDM stimulation, but 

expression levels were not different between atopic and nonatopic subjects (p=0.3150).  
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Figure 18: qRT-PCR validation of novel atopy-associated genes from the early TH2 
cluster in PBMC from atopic and nonatopic subjects after 12 h of HDM stimulation 
Data presented as gene expression levels above background (HDM – Control). Statistical 
analysis by Mann-Whitney U-test.  
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4.2.2 DACT1 is upregulated within 6 h of HDM-stimulation in atopic subjects 

Controlled intradermal peptide allergen challenge studies in asthmatic subjects in vivo 

rapidly induces clinical airway symptoms within 3 h which peak at 6 h post allergen 

challenge 591, therefore it would be useful to establish if the novel atopy-associated genes 

are activated at these early time points. Upregulation of TH2 cytokine genes can be detected 

in vitro in PBMC by qRT-PCR as early as 3 h post HDM-stimulation, however, in the first 

few hours of culture, PBMC from cryopreserved stocks display a transient non-specific 

activation of IFN-γ expression which peaks at 1 h and subsides by 3 h, presumably as a 

response to in vitro manipulations such as centrifugation and adjusting to the culture 

conditions (data not shown). Therefore these early artefacts were avoided by investigating 

gene expression at the 6 h time point in cultures previously set up for Subject group I 

(Chapter 4.2). The data are illustrated in the V-plot below (Fig. 19).  
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Figure 19: Microarray profiling of differential gene expression in PBMC after 6 h of 
HDM stimulation in atopic and nonatopic subjects from Subject group I  
PBMC from 10 atopic and 10 nonatopic subjects were cultured with or without HDM for 
6 h. Total RNA was extracted and pooled into two independent atopic and two independent 
nonatopic groups for each treatment, and analysed on U133 plus 2.0 microarrays. Data 
presented as V-plot. Statistical analysis by moderated T-test. Dashed vertical lines indicate 
fold change greater than two.  
 

The horizontal axis of the V-plot depicts the interaction of background-corrected gene 

expression levels (HDM/control) in atopics (averaged for the pooled groups AT1, AT2) 

versus nonatopics (averaged for NA1, NA2) for each gene on the microarray. Positive 

values on the horizontal axis indicate a higher expression level in atopics, negative values 
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indicate a higher expression level in nonatopics (dashed vertical lines indicate a two fold 

difference). The vertical axis depicts the results of a moderated T-test analysis comparing 

gene expression levels (HDM/control) in atopics and nonatopics for each gene on the 

microarray. Increasing values on the vertical axis indicate increasing statistical evidence for 

differential expression, therefore genes located in the top right corner (i.e. high T-test 

ranking and high fold change) of the V-plot are hyperexpressed in atopics, whereas genes 

located in the top left corner of the V-plot are hyperexpressed in nonatopics.  The location 

on the plot of the genes from the early TH2 cluster is marked with an “X”. Several genes 

including DACT1, PALM2-AKAP2, and the TH2 cytokines (IL-4, IL-5, IL-13) were 

outlying on the plot, suggesting that they were hyperexpressed in atopics. However, since 

expression of the early TH2 cluster generally peaked within 12 – 24 h over the full 6 – 48 h 

microarray time course (data not shown), it is possible that other genes from the early TH2 

cluster were also expressed at this time point but were below the detection limits of 

microarray. This latter possibility was investigated by qRT-PCR analysis, and the results 

depicted in Fig. 20 confirmed hyperexpression of DACT1 and GNG8, but not NDFIP2 or 

RAB27B in atopic PBMC at the 6 h time point.   

 

Figure 20: qRT-PCR analysis of gene expression levels above background in PBMC 
from atopics and nonatopics after 6 h of HDM stimulation  
Statistical analysis by Mann-Whitney U-test. 
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4.3 qRT-PCR validation of novel atopy-associated genes in an 
independent cohort of atopic and nonatopic subjects  

Several novel atopy-associated genes were identified by microarray and validated by qRT-

PCR in the previous sections. However, it is possible that higher gene expression levels 

were observed in atopics by chance because of random sampling variability/error 547. 

Therefore gene expression was investigated in a larger independent panel of subjects.  

PBMC from 28 atopics (SPT to HDM ≥ 3 mm) and 28 nonatopic controls (Subject group 

III) were cultured with or without HDM for 24 h (for mRNA assays) or 48 h (for protein 

assays). Elevated production of IL-4, IL-5, and IL-13 was observed in the atopic responses, 

and IFN-γ expression levels were similar in both groups (Fig. 21). It is noteworthy that 

IFN-γ expression is routinely measured in the lab at the protein level (at 48 h), however in 

this experiment it was not detected in the vast majority of the subjects, hence IFN-γ was 

assayed at the mRNA level by qRT-PCR.  

 

Figure 21: Cytokine expression above background in PBMC from atopics and 
nonatopics after 24 h or 48 h of HDM stimulation 

IL-4 and IFN-γ mRNA was measured by qRT-PCR at 24 h. IL-5 and IL-13 protein were 
measured by TRF/ELISA at 48 h. Statistical analysis by Mann-Whitney U-test. 
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In contrast to the results obtained previously in Fig. 18, qRT-PCR analysis of gene 

expression in this panel of subjects demonstrated that expression of DACT1, MAL, 

NDFIP2, DPP4, RAB27B, and GNG8, but not LOC138255 nor NSMCE1 was significantly 

elevated in the response profiles of the atopic subjects (Fig. 22). 

 

Figure 22: qRT-PCR analysis of gene expression levels above background in PBMC 
from atopic and nonatopic subjects after 24 h of HDM stimulation 
Statistical analysis by Mann-Whiney U-test.  
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Expression of CDH1 was also investigated in this panel of atopic and nonatopic subjects, 

and no significant differences were observed between the two groups (p = 0.441).   

 

4.4 Comparison of responses driven by peanut and HDM allergens in 
dual-sensitised atopics 

The co-expression of novel genes such as DACT1 with IL-4 and its receptor suggests that 

these genes may be activated by TH2 signalling pathways. However, it is not known if these 

genes are selectively upregulated in responses driven by HDM allergens or are a general 

feature of all allergic responses per se. To investigate the latter possibility, gene expression 

patterns were profiled in atopics who were dual-sensitised to HDM and peanut allergens. 

Allergen-specific responses are routinely studied in the lab using serum-free medium 

because these conditions lead to optimal sensitivity and specificity 83, however preliminary 

studies conducted by other co-workers in the lab demonstrated that responses to peanut 

allergens were optimal in RPMI medium supplemented with autologous serum (data not 

shown). Therefore for purposes of comparison, HDM cultures were also set up in this 

medium but only for this experiment. PBMC from 21 individuals were cultured in medium 

alone or that containing HDM or peanut allergen for 24 h. Total RNA was extracted from 

the PBMC at the termination of the cultures, and assayed for cytokine gene expression by 

qRT-PCR as illustrated in Fig. 23. The results demonstrated that HDM and peanut allergens 

induced both TH1 and TH2 cytokines in PBMC cultures, however the magnitude of the 

peanut responses were considerably lower than the HDM responses for all cytokines across 

the board. My host lab has consistently found that PBMC responses to both peanut extracts 

and recombinant peanut allergens are much lower relative to other antigens studied in the 

lab such as HDM or PPD (unpublished observations). Since the microarray technology has 

limited sensitivity and the cytokine responses to peanut allergens were low, the ten atopic 

subjects who displayed the highest IL-4 and/or IFN-γ responses to peanut allergens were 

selected, and RNA samples from these individuals were pooled into two groups of five 

subjects for each treatment (control, HDM-stimulated, peanut-stimulated), then hybridised 

to U133 plus 2.0 microarrays (Fig. 24).  



 

 

Figure 23: qRT-PCR analysis of cytokine gene expression in 24 h HDM or peanut 
allergen-stimulated PBMC cultures from dual sensitised atopics (n=21). 
Statistical analysis by Wilcoxon signed rank test and was only calculated for peanut or 
HDM versus control comparisons. Symbols; † p < 0.001, ‡ p < 0.0001. 
 

The microarray data for HDM and peanut responses in atopic PBMC are depicted as V-

plots in Fig. 24A and 24B respectively. The data in Fig. 24A demonstrated that the vast 

majority of the genes from the early TH2 cluster were hyperexpressed in HDM stimulated 

PBMC relative to control cells at baseline (i.e. the data points were localised to the top right 

corner of the plot where FDR < 0.05 and/or fold change was greater than 2). Therefore 

upregulation of the early TH2 cluster in atopics is robust to changes in the culturing 

conditions (i.e. medium with or without serum). In contrast, DACT1 was the only gene 

from the early TH2 cluster which was unambiguously detected by microarray in the 

responses to peanut allergens (Fig 24B). However the experiment was most likely limited 

by sensitivity because the qRT-PCR based experiments in Fig. 23 demonstrated 

upregulation of TH2 cytokines in the peanut responses, while these same genes were not 

convincingly upregulated (i.e. fold change < 2 and/or FDR > 0.05) according to microarray. 

Therefore expression of a subset of genes from the early TH2 cluster was investigated by 

qRT-PCR, and the data is presented in Fig. 25.  
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Figure 24: Microarray profiling of gene expression patterns in 24 h HDM or peanut 
allergen-stimulated PBMC cultures from dual sensitised atopics 
PBMC from 10 atopic subjects were cultured in medium alone or that containing HDM (A) 
or peanut allergen (B) for 24 h. Total RNA was extracted and pooled into two independent 
subject groups (n=5 in each goup) for each treatment, and analysed on U133 plus 2 
microarrays. Data presented as V-plot. Statistical analysis by moderated T-test. Dashed 
vertical lines indicate fold change greater than two, solid horizontal lines indicate T-statistic 
at FDR < 0.05.  
 

The qRT-PCR experiments demonstrated upregulation of DACT1, NDFIP2, and GNG8 

(but not RAB27B) in atopic PBMC stimulated with peanut allergens, confirming the 

general association of these genes from the early TH2 cluster with allergic responses. 

Although upregulation of RAB27B did not reach statistical significance in the peanut 
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responses, expression levels correlated with IL-4 (r2 0.5991, p<0.0001), IL-5 (r2 0.7936, 

p<0.0001), and IL-13 (r2 0.3811, p=0.0029), but not IFN-γ (r2 0.1440, p=0.0898), 

suggesting a TH2 association.  

 

Figure 25: qRT-PCR analysis of gene expression levels in HDM or peanut allergen 
stimulated PBMC from dual-sensitised atopic subjects (n=21) 

Statistical analysis by Wilcoxon signed rank test and was only calculated for peanut or 
HDM versus control comparisons. Symbols; § p< 0.01 † p < 0.001, ‡ p < 0.0001. 
 

4.5 Identification of the cellular sources responding to HDM in PBMC 

In the previous sections, several novel genes which were hyperexpressed in atopic PBMC 

responses to HDM were identified by microarray and validated by qRT-PCR. To identify 

the cellular sources involved in these gene expression signals, PBMC from 10 atopics (SPT 

to HDM > 5 mm) and 10 nonatopics (Subject group IV) were cultured with or without 

HDM for 24 h, and at the termination of the cultures CD8+ then CD4+ T cells were purified 

by immunomagnetic separation. Gene expression was then profiled in CD4 T cells, CD8 

T cells, and remaining cells which were CD4 and CD8 double negative (DN). The purity of 

the CD8 and CD4 T cells was assessed in preliminary experiments and was routinely 92% 

and 98% respectively (see Chapter 2.2.1). The remaining DN cells were not purified further 

and contained an approximate total of 10-15% CD4+ and CD8+ cells. The 24 h time point 
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was selected as a compromise to accommodate gene expression profiling of the early and 

late TH2-associated clusters which peaked in expression at 12 – 24 h and 48 h respectively. 

Analysis of HDM-driven cytokine gene expression in CD4 T cells confirmed the TH2-

skewed profile of the atopics (Fig. 26).  

 

Figure 26: qRT-PCR analysis of cytokine gene expression above background in 
CD4 T cells purified from PBMC after 24 h of HDM stimulation 

Statistical analysis by Mann-Whitney U-test.   

 

RNA samples from the subjects were pooled into two groups of five atopics (AT4, AT5) 

and two groups of five nonatopics (NA4, NA5), then U133 plus 2.0 microarrays were 

employed to profile gene expression in the respective cell subpopulations. Genes 

upregulated by HDM were identified separately in atopic and nonatopic subjects in each 

cell type employing a moderated T-test (FDR < 0.05), and the overlap in gene expression 

within the cellular compartments is presented in Fig. 27. Strikingly, the Venn diagrams 

revealed that most of the gene expression changes occurred in the T cell depleted cell 

fraction irrespective of atopic status. The nonatopic responses in all cellular compartments 

were considerably weaker than the atopic responses, and in this context it is noteworthy 

that cytokine responses were not detectable at the protein level in any of these nonatopic 

subjects after 48 h of HDM stimulation in PBMC, explaining the lack of signal in the T cell 

compartment of this group (data not shown). However, upregulation of markers of T cell 
 106



 

activation and function (IL-2Rα, IL-21R, MYC, PDK1, CXCL-5) were detected in the 

CD4 T cells from both atopic and nonatopic subjects, underscoring the presence of 

allergen-specific T cells with an activated phenotype in both groups. 
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Figure 27: Number of genes upregulated by HDM-stimulation in CD4+ T cells, 
CD8+ T cells, and DN cells from atopic and nonatopic subjects at the 24 h time point 
PBMC from 10 atopic and 10 nonatopic subjects were cultured with or without HDM for 
24 h. At the termination of the cultures, CD8 then CD4 T cells were purified from 
remaining DN cells by immunomagnetic selection. Total RNA was extracted and pooled 
into two independent atopic and two independent nonatopic groups for each cell type and 
each treatment, then analysed on U133 plus 2.0 microarrays. Upregulated genes were 
identified by comparing gene expression levels in stimulated cells versus unstimulated cells 
employing a moderated T-test (q < 0.05, see methods). 
 

To investigate the specificity of expression of the genes from the early and late TH2 clusters 

with respect to atopic status in different cellular compartments, the interaction of the 

expression log ratios (HDM/control) in atopics and nonatopics are presented as V-plots for 

CD4 T cells, CD8 T cells, and DN cells in Fig. 28, 29, and 30 respectively. In the three 

figures, the location of all the genes from the early and late TH2 clusters are marked “X”, 

the location of the eight genes which were previously validated by qRT-PCR in PBMC are 

marked “X”, and additional genes of interest are marked “X”. Only some of the genes 

labelled X on the plot are named to avoid crowding the plot and enhance visualisation and 

interpretation of the data.  

 

Classical TH2 genes (IL-4, IL-4R, IL-5, IL-9, IL-13) were all hyperexpressed in the CD4 

compartment of atopics relative to nonatopics, which was consistent with the qRT-PCR 

data in Fig. 26, underscoring the quality of the microarray data. Once again, IL-9 was the 

best discriminator of atopy in the genome. Six atopy-associated genes which were 
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previously validated by qRT-PCR in PBMC from one (NSMCE1) or two panels of subjects 

(DACT1, MAL, RAB27B, DPP4, NDFIP2) were hyperexpressed in the atopic CD4 T cells 

in Fig. 26, confirming the cellular origin of these gene expression signals. In contrast, 

GNG8 and LOC138255 were not elevated in these responses. It is noteworthy that seven 

other genes from the TH2 clusters (IL-2, IL-3, GFI-1, SLC37A3, PALM2-AKAP2, IL-4 

induced 1, CDH1) were also hyperexpressed in the atopic CD4 T cells (log2 ratio > 1 on 

the horizontal axis) but were not named on the plot.  
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Figure 28: Microarray profiling of HDM-driven gene expression patterns in CD4 

T cells from atopic and nonatopic subjects at the 24 h time point 
See Fig. 27 legend for experimental details. Data presented as a V-plot. Statistical analysis 
by moderated T-test. Dashed vertical line indicates fold change greater than two.  
 

Microarray analysis of purified cells should theoretically have a greater signal-to-noise 

ratio than PBMC. Therefore it was not surprising that several additional genes which were 

not detected in the atopic PBMC responses were prominent in the CD4 T cell responses. 

These genes were involved in various functions including signalling (TSPAN13, 

CAMKIID, RGS1, PLXDC1), transcriptional regulation (ZNF423), cell adhesion 

(PECAM1, CD36), exocytosis (SYTL3), protease inhibition (SERPINB2), and immune 

effector function (LIF, GZMB). The HDM responses in the nonatopic CD4 T cells were 

weak as indicated by the qRT-PCR data in Fig. 26, the Venn diagram in Fig. 27, and the 

heavy skewing of the microarray data in favour of the atopic responses in Fig. 28 (i.e. 

positive values on the horizontal axis were extreme outliers while negative values were 

not), however two probe sets were more highly expressed in these subjects, and they both 
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encoded the extracellular matrix protein versican (CSPG2), which is thought play a role in 

signalling and adhesion. 

 

The CD8 T cell responses in the atopics also displayed a TH2 phenotype (Fig. 29) 

exemplified by IL-4R and IL-9 hyperexpression, however several TH2 cytokines (IL-4, IL-

5, IL-13) were not prominent in these responses but will be addressed later with more 

sensitivity by qRT-PCR. Strikingly GNG8 and LOC138255 which were quiescent in the 

CD4 compartment were prominent in the CD8 responses in the same atopic subjects, 

suggesting that these T cell subsets may have some distinct roles and functions in atopy 

pathogenesis. Moreover, elevated expression of DACT1, MAL, RAB27B, NDFIP2, and 

DPP4 was also observed in the CD8 compartment, confirming their T cell origin. 
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Figure 29: Microarray profiling of HDM-driven gene expression patterns in CD8 

T cells from atopic and nonatopic subjects at the 24 h time point 
See Fig. 27 legend for experimental details. Data presented as a V-plot. Statistical analysis 
by moderated T-test. Dashed vertical line indicates fold change greater than two.  
 

Several proinflammatory genes were hyperexpressed in the atopic CD8 compartment 

including IL-1B, CCL-1 (I-309), and the protease MMP-12. It is noteworthy that these 

genes were also elevated in atopic CD4 T cells, but they were more prominent in the CD8 

responses (data not shown). Hyperexpression of a subset of genes was observed in the CD8 

T cell compartment of nonatopics (including several predicted genes which are not labelled 

on the plot). These include CD36, the extracellular matrix protein fibronectin (FN1), and 

the protease ADAMDEC1.  

 109



 

HDM stimulation induced considerably more genes in the DN cells compared to the CD4 

or CD8 T cell compartments (Fig. 27). This was unexpected but possibly due to the fact 

that the DN cells contain a heterogeneous mixture of different cell types, which may 

respond in a unique way to various components of the HDM extract as well as to cytokine 

signals produced by the T cells. However, it is noteworthy that the difference in the 

response profiles of atopics and nonatopics in the DN compartment (Fig. 30 below) was not 

as extreme as was observed for the CD4 compartment (Fig. 28) (i.e. the V-plot for the CD4 

T cells was more skewed towards positive values on the horizontal axis than the V-plot for 

the DN cells). Although the T cell purification protocol did not remove all of the T cells 

from the DN samples, the most prominent genes in the T cell responses including the TH2 

cytokines (IL-4, IL-5, IL-9, IL-13) and DACT1 were not detected in the DN cells (i.e. in 

close proximity to 0 with respect to the horizontal axis), indicating that the signal in the DN 

cells was not compromised by contamination of residual T cells.  
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Figure 30: Microarray profiling of HDM-driven gene expression patterns in DN cells 
from atopic and nonatopic subjects at the 24 h time point 

See Fig. 27 legend for experimental details. Data presented as MA-plot. Statistical analysis 
by moderated T-test. Dashed vertical line indicates fold change greater than two.  
 

There were some similarities in the expression profiles of the atopic CD8 T cells and DN 

cells. For instance, MMP-12, CCL-1, GNG8, and IL-1B were also hyperexpressed in the 

atopic CD8 T cell and DN responses, relative to responses in nonatopics. Several additional 

genes from the TH2 clusters (GNG8, MAL, NDFIP2, CISH, CCL-17, SPINT2, BCL-6, 

PALM2-AKAP2, LOC140733, Ig epsilon) were also elevated in the atopic DN cells. It is 
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noteworthy that a number of genes outlying on the plot (IL-4R, BCL-6, FCER2, CISH, Ig 

epsilon) are known to be induced by IL-4 in B cells 592, however to formally demonstrate 

the cellular source of these gene expression signals would require qRT-PCR analysis on 

separated monocytes, B cells, NK cells, and dendritic cells, which was beyond the scope of 

this study. Elevated expression of the costimulatory molecule CD80 and the DC maturation 

factor GM-CSF were also detected in the atopics, and these genes could potentially amplify 

T cell responses to allergens. Prominent genes in the nonatopic DN responses included 

CSPG2, oligodendrocyte (a cell type of the central nervous system) lineage transcription 

factor (OLIG2), and a gene involved in cross-presentation of exogenous antigens via MHC 

class I (OLR1 or LOX-1). It is noteworthy that in previous experiments OLR1 was more 

highly expressed in atopic not nonatopic PBMC after 48 h of HDM stimulation (Table 8, 

Chapter 3.2.4).  

 

4.5.1 qRT-PCR validation of novel atopy-associated genes in purified T cells  

The microarray studies in the previous section demonstrated that expression of the novel 

TH2-associated clusters was most prominent in CD4 T cells, followed by CD8 T cells then 

DN cells. The responses in the DN cells while interesting can not be investigated by qRT-

PCR because these cells were not purified, and the highly sensitive qRT-PCR technique 

will detect gene expression in any contaminating cells, complicating data interpretation. 

Therefore gene expression was investigated by qRT-PCR in CD4 and CD8 T cells from 

Subject groups II and IV. The results of statistical analyses of the qRT-PCR data are 

summarised in the table below (Table 11), and the corresponding qRT-PCR data are 

illustrated below in Fig. 31, which runs over the next few pages. It is noteworthy that 

serially diluted qRT-PCR products which contain an unknown quantity of the analyte were 

prepared as standards for most assays, and different batches of standards were used because 

the qRT-PCR data was accumulated over a substantial period of time. Therefore 

comparisons can only be made between atopic and nonatopic subjects within each cell type 

and subject group, and not between cell types nor across subject groups.  

 

Consistent with the published literature 331, an allergen-specific signal was detected in the 

CD8 T cell as well as in the CD4 T cell compartment, underscored by the detection of 

upregulation of TH2 cytokines and the novel TH2-associated genes. However, the signal in 
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the CD8 T cells was attenuated relative to that in the CD4 T cells, and this was reflected in 

the qRT-PCR data in terms of correspondingly less significant and more variable p values 

in atopic:nonatopic comparisons across many but not all of the CD8 gene list. It is 

noteworthy that three of the atopics in Subject group II expressed very low levels of TH2 

cytokines, and these same subjects consistently displayed the lowest levels of expression of 

the novel genes such as DACT1, MAL, NDFIP2, RAB27B, and NSMCE1. Therefore p 

values for some of the TH2-associated genes in the CD4 compartment of this group were 

modest (eg. IL-4, IL-5, DPP4) or only approached significance (eg. RAB27B).  

 

Table 11: Summary of statistical analysis performed on qRT-PCR data in Fig. 31 

Gene Subject grp II 

CD4 T cells 

Subject grp II 

CD8 T cells 

Subject grp IV 

CD4 T cells 

Subject grp IV 

CD8 T cells 

IL-4 p = 0.0185 p = 0.1051 p < 0.0001 p < 0.0001 

IL-5 p = 0.0147 p = 0.0433 p < 0.0001 p < 0.0001 

IL-13 p = 0.0089 p = 0.1230 p < 0.0001 p < 0.0001 

DACT1 p = 0.0029 p = 0.0089 p < 0.0001 p < 0.0001 

MAL p = 0.0185 p = 0.1051 p < 0.0001 p < 0.0001 

NDFIP2 p = 0.0052 p = 0.0355 p < 0.0001 p < 0.0001 

RAB27B p = 0.1051 p = 0.1655 p < 0.0001 p = 0.0147 

DPP4 p = 0.0288 p = 0.0288 p < 0.0001 p = 0.0029 

NSMCE1 p = 0.0089 p = 0.2475 p < 0.0001 p = 0.0068 

GNG8 p = 0.2799 p = 0.0630 not done p = 0.0002 

CISH p = 0.0011 p = 0.0524 p < 0.0001 p < 0.0001 

IL-17RB p = 0.0433 p = 0.0892 p = 0.0002 p = 0.0021 

GZMB p = 0.0433 p = 0.7959 p = 0.0007 p = 0.0288 

TSPAN13 p = 0.7959 not done p < 0.0001 not done 

CAMK2D p = 0.0029 p = 0.0288 p < 0.0001 p < 0.0001 

RGS1 p = 0.9705 not done p = 0.0005 not done 

PLXDC1 p = 0.0002 p = 0.0039 p < 0.0001 p = 0.0005 

SYTL3 p = 0.0288 p = 0.1230 p < 0.0001 p = 0.0021 

PECAM1 p = 0.0089 p = 0.5288 p = 0.0068 p = 0.0630 
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Figure 31: qRT-PCR validation of novel atopy-associated genes in CD4 and CD8 
T cells purified from HDM-stimulated PBMC 
Data presented as gene expression levels above background. Statistical analysis by Mann-
Whitney U-test. Gene expression was examined in CD8 T cells from subject group II and in 
CD4 and CD8 T cells from subject group IV after 24 h of HDM stimulation. Gene 
expression was examined in CD4 T cells from subject group II at 12 h (IL-4, IL-5, IL-13, 
DACT1, MAL, NDFIP2, RAB27B, GNG8, PLXDC1, PECAM1), 24 h (CAMK2D, DPP4, 
NSMCE1, RGS1, SYTL3, TSPAN13) or 48 h (CISH, IL-17RB, GZMB).  
 

The genes that were first identified in the TH2-ssociated clusters generally performed well 

in the qRT-PCR validations in both panels of atopic and nonatopic subjects (Subject groups 

II and IV in Fig. 31). In contrast, the genes (ZNF423, RGS1, TSPAN13, PECAM1, 

PLXDC1, SYTL3, GZMB, CAMK2D) which were identified in the V-plot depicting HDM 

responses in the CD4 compartment of the individuals from Subject group IV (Fig. 28) 

displayed variable performance in the qRT-PCR validations. For instance, expression of 

ZNF423 was not detected by qRT-PCR in any of the samples from Subject group II or IV, 

despite testing an assay designed in house and purchasing  a commercial assay from 

Qiagen. RGS1 and TSPAN13 validated in the CD4 compartment of subject group IV but 

not in Subject group II. It was reasoned that RGS1 and TSPAN13 may represent examples 

of random sampling error 547, therefore expression of these genes was also investigated in 

Subject group III, and once again hyperexpression was not observed in atopics (p = 0.3635 

and p = 0.5901 respectively), although the cell type in this experiment was PBMC and not 

CD4 T cells. Five genes identified in Fig. 28 did validate however in both Subject groups II 

and IV, these were PECAM1, PLXDC1, SYTL3, GZMB, and CAMK2D.  

 

Validation of CAMK2D in the qRT-PCR experiments warranted more detailed 

investigation of neurochondrin (NCDN), because NCDN was detected in the early TH2 

cluster and is known to regulate CAMK2 activity (see Table 9). However a consensus qRT-
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PCR assay for NCDN failed to detect any expression in PBMC or purified T cells (data not 

shown). Therefore detailed analysis of the probe set (237002_at) was performed (see 

Chapter 2.9.6 and Appendix Four), and the data showed that the probe set targets the 

NCDN.f splice variant in a region that does not overlap the consensus NCDN gene 

sequences deposited in the RefSeQ database, explaining the failure of the qRT-PCR 

experiments.  

 

The performance of several genes in the qRT-PCR validation experiments was dependent 

on the time point in some cases, thus the qRT-PCR data in Fig. 31 are presented at different 

time points. For instance, the associations of DACT1, MAL and NDFIP2 from the early 

TH2 cluster with atopic responses was stronger at the 12 h time point compared to the 48 h 

time point in CD4 T cells. In contrast, CISH and IL-17RB from the late TH2 cluster showed 

stronger associations at the 48 h time point compared to the 12 h time point in CD4 T cells 

(data not shown). 

 

4.6 Nature of the immune response in nonatopic subjects 

The primary focus of the study was to identify novel genes associated with the activation 

program of allergen-specific T memory cells in atopics, however an important issue is to 

clarify the nature of the T cell response to allergens in nonatopic subjects, because 

elucidation of the tolerance mechanisms involved could lead to new therapeutic prospects. 

The only consistent marker of the HDM response in the nonatopic subjects is production of 

low levels of the TH1 effector IFN-γ 85, and TH2 cytokines were rarely detectable in these 

subjects in the current study when assayed at the mRNA level at or before the 24 h time 

point (eg. Fig. 17, 21, 31). However, since these low intensity “TH1-like” responses in 

nonatopics do not activate delayed type hypersensitivity (DTH), a hallmark of classical TH1 

polarised immunity, it has been suggested that they should accordingly be reclassified as 

“modified TH1” 88. Another possibility is that allergen-specific immune responses are 

actively and successfully suppressed by TREG in nonatopic subjects, and part of this 

regulation may involve attenuation of the potentially cytotoxic/pathogenic components of 

the TH1 cytokine program. It is noteworthy in this context that defective suppression of 

allergen-driven immune responses in FOXP3+ TREG from pollen-allergic subjects relative to 

nonatopic controls has been reported by Robinson and co-workers 371. Moreover, Akdis and 



 

co-workers have also reported that the frequency of allergen-specific IL-10 producing TREG 

is lower in atopic subjects relative to nonatopic controls 368. 

 

To determine if there was any evidence of increased TREG activity in the nonatopic 

responses to allergens, expression of the lineage specific transcription factor FOXP3 which 

drives development and function of TREG 345 was investigated by qRT-PCR. Gene 

expression was first investigated in the HDM-stimulated CD4 T cells from the individuals 

from Subject group IV (from Chapter 4.5). Strikingly, the results depicted in Fig 32A 

demonstrated that the level of FOXP3 expression was higher in the atopics, not the 

nonatopics. To confirm this result in a larger panel of subjects, gene expression was 

investigated in HDM-stimulated PBMC from Subject group III (from Chapter 4.3), and the 

results are depicted in Fig. 32B. 

 

 

Figure 32: qRT-PCR analysis of FOXP3 expression levels above background in atopic 
and nonatopic subjects after 24 h of HDM stimulation   
FOXP3 expression was investigated in (A) CD4 T cell samples from Subject group IV, or 
(B) PBMC samples from Subject group III. Statistical analysis by Mann-Whitney U-test.  
 

These data confirm that FOXP3 expression levels are consistently higher in both HDM-

stimulated PBMC and in particular purified CD4 T cells from atopic subjects relative to 

nonatopic controls. Given that FOXP3 expression is mostly restricted to TREG (low levels 

can be also detected in CD8 T cells) within PBMC 557, and expression levels correlate with 

suppressive activity 345-347, these data are not consistent with a role for increased TREG 

activity in preventing excessive reactivity to allergens in nonatopic subjects. However, 

more detailed studies focusing on purified CD4+CD25+FOXP3+ T cells which are separated 

into naive and memory subsets will be required to resolve this issue.  
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A different approach was then adopted to characterise the immune responses in the 

nonatopics. It was reasoned that comparing the gene expression signatures of the “modified 

TH1” response to HDM in the nonatopic subjects with a classical TH1 response such as that 

which is commonly observed in protective immunity to M. tuberculosis may shed light on 

the molecular circuitry underlying these distinct immune response phenotypes. PBMC from 

eight healthy subjects with a previous Bacillus Calmette-Guérin (BCG) vaccination history 

were cultured in the presence or absence of PPD for 48 h. At the termination of the 

cultures, CD4 T cells were purified from the PBMC and total RNA was extracted, pooled 

into a single group for each treatment then hybridised to Affymetrix U133a microarrays. 

These samples were compared with U133a microarray data for nonatopic CD4 T cells after 

48 h of HDM stimulation which was presented previously in Fig. 7 (Chapter 3.3.3). It is 

noteworthy that these nonatopic subjects had a modified TH1 phenotype (IFN-γ positive, 

IL-5 low, NA3 in Fig. 12). At a threshold of two-fold, 473 genes were upregulated in the 

PPD responses and 97 genes were upregulated in the nonatopic HDM responses, and the 

striking qualitative overlap in the two responses is illustrated in the Venn digram in Fig. 33 

below. It is noteworthy that the 96 genes which were common to the PPD responses and the 

nonatopic HDM responses included many classical genes involved in TH1 functions and 

signalling pathways (IFN-γ, LT-α, STAT-1, IRF-1, SOCS-1, TAP-1, GBP-1, GZMB, 

IDO).  

 
Nonatopic HDM response PPD response 

96 376 1 

 

 

 

 

Figure 33: Qualitative overlap of allergen-driven and PPD-driven gene expression in 
CD4 T cells from nonatopic controls and BCG-vaccinated adults respectively 
PBMC from 8 healthy BCG-vaccinated adults and 10 healthy nonatopic subjects were 
cultured in the presence (or absence) of PPD and HDM respectively for 48 h. At the 
termination of the cultures, CD4 T cells were purified by immunomagnetic selection. Total 
RNA was extracted and pooled into a single nonatopic group and a single BCG vaccinated 
group for each treatment (stimulated cells, or resting cells at baseline) and analysed on 
U133a microarrays. Upregulated genes were identified by comparing gene expression 
levels in stimulated cells with unstimulated cells, using two-fold as a cut-off for differential 
expression.   
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To identify quantitative differences in the classical TH1 responses to PPD and the 

“modified TH1” responses to allergens, the relative response magnitude (ratio of gene 

expression levels in the PPD responses and in the nonatopic HDM responses) was 

calculated for each gene on the microarray, and the data for the top 75 genes are illustrated 

in Fig. 34. Strikingly, the analysis revealed that whilst the majority of the top 75 genes 

which included classical markers of TH1 responses such as LT-α, TNF-α, and IL-12Rβ2 

were broadly expressed at levels 3 – 10 fold higher in the PPD responses relative to the 

nonatopic HDM responses, a limited subset of genes including CCL-8, IFN-γ, and to a 

lesser extent GZMB were much more highly expressed in the PPD responses.  
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Figure 34: Microarray profiling of PPD-driven gene expression in healthy BCG-
vaccinated subjects and HDM-driven gene expression in nonatopic controls 
See Fig. 33 legend for experimental details. Data presented as the relative response 
magnitude, or ratio of background corrected (stimulated cells/unstimulated cells) gene 
expression levels in the PPD responses in BCG vaccinated subjects (n=8 subjects in RNA 
pool) relative to HDM responses in nonatopic subjects (n=10 subjects in RNA pool).  
 

To confirm the microarray analyses performed on pooled RNA samples in Fig. 34, a subset 

of genes was selected for qRT-PCR validation experiments on individual RNA samples 

(Fig. 35). These experiments confirmed that IFN-γ and CCL-8 were expressed at respective 

levels of 139- and 50-fold higher in PPD-driven T cell responses relative to nonatopic 

HDM responses. 
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Figure 35: Relative response magnitude of PPD-driven gene expression in healthy 
BCG-vaccinated subjects and HDM-driven gene expression in nonatopic subjects 

Data presented as the relative response magnitude, or ratio of gene expression levels above 
background (stimulated cells - unstimulated cells) in the PPD responses in BCG vaccinated 
subjects (data averaged for 8 subjects) relative to HDM responses in nonatopic subjects 
(data averaged for 10 subjects).  
 

4.7 Discussion  

While there is general acceptance that allergic disease is mediated via allergen-induced 

hyperexpression of TH2 cytokines at challenge sites, the full spectrum of TH2-associated 

genes which participate in this inflammatory cascade await identification. In the current 

study, microarray technology was employed to obtain more detailed information on gene 

expression patterns activated by allergens in the T cell compartment of atopics and 

nonatopics, employing short-term primary PBMC cultures. Despite the low frequency of 

responder cells within PBMC, hyperexpression of classical TH2 cytokines was consistently 

demonstrated in the response profiles of the atopics, in both unfractionated PBMC and in 

T cells which were purified from HDM-stimulated PBMC. 

 

In contrast to the atopic responses which consistently displayed significantly elevated 

expression levels of TH2 cytokines and the novel genes mentioned below, the nonatopic 

responses were more variable, and in some experiments below the detection limit of the 

cytokine protein assays (but not the qRT-PCR-based mRNA assays). Intriguingly, even 

when nonatopic subjects demonstrated a low but detectable level of responsiveness at the T 

cell level relative to atopic subjects, substantial gene expression was still observed in the T 

cell depleted samples (Fig. 27), which primarily contain the cells of the innate immune 
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system. It is likely that the functional properties (eg. protease activity, lipid binding) of 

allergens and other non-allergic components within the HDM extracts may interact with the 

innate immune system in complex ways to modulate gene expression in this compartment 6, 

and further studies will be required to investigate the role of the cells in driving or limiting 

T cell responses in this in vitro model. One possibility that was considered was that the 

attenuated T cell responses in the nonatopic subjects may be under the control of TREG, as 

reported in the literature 371. Indeed, allergen-driven upregulation of the TREG–specific 

marker FOXP3 which correlates with the suppressive function of TREG 345-347 was detectable 

in virtually all subjects irrespective of atopic status, however, expression levels were 

unexpectedly higher in the atopic subjects (Fig. 32). A possible explanation for this 

paradoxical finding is that FOXP3 expression was induced by IL-4 and IL-13 in the atopic 

responses, as has been previously observed in purified T cells stimulated with these 

cytokines 593. These FOXP3+ T cells may be functionally immature or alternatively their 

suppressive activity may be abrogated by the presence of proinflammatory cytokines such 

as IL-2 or IL-6 250, 356, 593, which are produced during allergen-stimulated responses, 

accounting for the apparent “lack of regulation” observed in the vigorous TH2 responses. A 

higher frequency of allergen-specific IL-10 secreting TREG in nonatopic relative to atopic 

subjects has been reported by Akdis and co-workers 368, however expression levels of the 

immunoregulatory cytokine IL-10 in atopic and nonatopic subjects did not differ in this 

study (Fig. 12). Therefore to further characterise the nature of the HDM responses in the 

nonatopic subjects, gene expression profiles in T cells from this group were compared with 

PPD responses in T cells from healthy subjects. A substantial overlap was observed 

between the PPD and nonatopic HDM responses. However unlike the classical TH1 

response to PPD, the “modified TH1” response to HDM exposure is not associated with 

potential for DTH, which suggests that some form of covert internal regulation attenuates 

the overall intensity of the nonatopic HDM responses. It is feasible that this may be due to a 

comparatively lower frequency of HDM responsive T memory cells in vivo compared to 

those participating in PPD responses, however if this were the case there should be a broad 

consistency in relative expression levels across the entire spectrum of inflammation-

associated genes, comparing the two in vitro T memory responses. Instead, as illustrated in 

Fig. 34 and 35, a small subset of proinflammatory genes including the classical TH1 

effector IFN-γ and the chemoattractant CCL-8 are expressed on a log fold higher scale in T 

memory responses to the classical DTH stimulant PPD. This suggests that these potent 
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proinflammatory genes are preferentially attenuated in the HDM responses of the 

nonatopics. Moreover, since blockade of IFN-γ can partially inhibit DTH in animal models 
594, these data offer a simple and intuitive explanation for the lack of DTH reactivity to 

HDM in nonatopic subjects.  

 

Gene expression profiling of HDM-induced gene activation in atopic PBMC identified an 

early wave of signalling genes (DACT1, MAL, NDFIP2, RAB27B, GNG8, NSMCE1, 

LOC138255) which were co-expressed with IL-4 and IL-4R, followed by a later wave of 

effector genes (IL-2, IL-3, FAS ligand, CXCL-13, CCL-13, CCL-17, Ig epsilon) which 

were co-expressed with classical TH2 effector cytokines (IL-5, IL-9, IL-13), and additional 

genes known to be induced by TH2 cytokines (IL-4 induced 1, CISH, IL-17RB, GFI-1, 

SPINT2). The co-ordinated expression patterns of the TH2 cytokines and novel signalling 

genes suggests a co-ordination of function as reported in other systems 445-449. A formal 

statistical analysis employing the MB-statistic algorithm 406 performed in parallel to the 

clustering analysis additionally demonstrated that the early wave of TH2-associated genes 

were the best discriminators of atopy in the genome, highlighting their potential as 

diagnostic markers. Followup experiments employing microarray and qRT-PCR on 

unfractionated PBMC and purified CD4 and CD8 T cell subsets from additional panels of 

subjects confirmed the identity of the novel genes, the consistency of their association with 

atopic responses, and the cellular sources involved in their expression. However, it is 

noteworthy that an allergen-specific signal was not detected in all subjects investigated (eg. 

Fig. 21 and 22), most likely due to the low and variable frequencies of allergen-specific 

T cells in the peripheral blood 83, 368, and the inadequacy of circulating APC to activate the 

full repertoire of antigen-specific T cells 595, 596.  

 

Expression profiling of allergen responses in CD4 and CD8 T cells demonstrated the 

presence of an allergen-specific signal in both T cell compartments, in agreement with 

previous reports 331. Notably, DACT1, MAL, NDFIP2, DPP4, RAB27B, and NSMCE1 

were all hyperexpressed in atopic CD4 and CD8 T cells, although gene expression in the 

former was generally of a higher intensity and more consistent than in the latter. GNG8 was 

one exception displaying hyperexpression in the CD8 compartment but not the CD4 

compartment. Microarray analysis of purified T cells identified additional genes which 

were consistently unregulated in atopic CD4 T cells (GZMB, SYTL3) or both CD4 and 



 

 124

CD8 T cells (CAMK2D, PLXDC1). These data suggest that therapeutic strategies designed 

to counter T cell driven disease pathways in atopy need to consider both the CD4 and CD8 

T cell compartments. An allergen-specific gene expression signal was also detected in the T 

cell depleted DN cellular compartment within PBMC, and further cell separation 

experiments are required to clarify the cell types involved.  

 

Expression of the “novel” TH2-associated genes in these clusters has not been reported 

previously in the context of specific allergen-triggered T cell memory responses in atopics. 

Some have been observed previously in experiments broadly related to TH2 immunity, 

notably (i) CISH was induced by IL-4 in mouse T cells 515, and was also detected in human 

TH2 cells 597; (ii) IL-17RB was reportedly induced in Rye-specific T cells restimulated with 

anti-CD3/CD28 461 and in TH2 cell lines 523; (iii) MAL was reported in a differential display 

screen of resting peripheral blood T cells from atopics with dermatitis and asthma 535, and 

during the early polarisation of human TH2 cells 517; (iv) DPP4 was detected in bronchial 

biopsies of allergic asthmatics 598 and in TH1 and TH2 cell lines 599; (v) GZMB expression 

has been previously reported in TH2 cells 514, and in lymphocytes isolated via 

bronchoalveolar lavage from atopics with asthma after allergen challenge in vivo 600; (vi) 

PECAM1 was detected in CD4 T cells stimulated with anti-CD3/CD28 from atopic 

asthmatics 571, and in mouse TC2 cells 522. This is the first report of the associations of 

DACT1, NDFIP2, NSMCE1, RAB27B, GNG8, SYTL3, CAMK2D and PLXDC1 with 

atopy or TH2 responses. The issue of why these genes escaped detection in numerous 

previous studies 461, 511-515, 517-524, 564 is addressed below (Chapter 6), and it is worth 

mentioning that the methodology employed in the current study was radically different to 

these previous studies.  

 

Detailed functional studies (such as the preliminary experiments detailed in Chapter 6) are 

now required to investigate the function of the novel genes in TH2 responses and atopy, 

however it is tempting to speculate upon their role based on what is known in the literature: 

 

Dapper homologue 1 (DACT1) is from the Dapper/Frodo family of dishevelled 

interacting proteins which are essential for normal development of head and notochord 

structures in Xenopus embryos 601. Overexpression of DACT1 in Xenopus blocks activation 

of the JNK and Wnt/β-catenin signalling pathways by dishevelled 601, however, depletion 
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of DACT1 in Zebrafish has revealed a role for DACT1 in promotong Wnt/β-catenin 

signalling 602. A recent study investigated the function of DACT1 in human cell lines by 

both depleting endogenous DACT1 expression using siRNA (see Chapter 6), and by 

overexpressing DACT1 603. The study found that in both assays DACT1 inhibited JNK and 

Wnt/β-catenin signalling pathways and thus by inference, DACT1 may regulate these 

pathways in T cells. The Wnt/β-catenin signalling pathway drives gene expression changes 

which influence cell proliferation, cell survival, and cell fate 604. β-catenin is required for 

normal T cell development, and β-catenin deficient T cells show defective proliferation in 

response to anti-CD3 mAb 605. Regulation of JNK signaling pathways by DACT1 is an 

intriguing possibility because JNK regulates NFAT activity, which in turn regulates 

expression of multiple target genes including the TH2 cytokines 606. JNK1 deficient T cells 

also preferentially differentiate into TH2 cells 607.  

 

Myelin and lymphocyte protein (MAL) is a tetraspan proteolipid which is essential for 

the maintenance of myelin sheath (“white matter” of the brain) in the central nervous 

system 608. In T cells, MAL localises to lipid raft domains in association with several TcR 

signalling molecules (Lck, CD59), suggesting a role in T cell activation 609. MAL is 

induced in T cells by the ICOS signalling pathway 610, which is required for optimal TH2 

effector function 611. MAL may also play a role in protein trafficking 612.  

 

Dipeptidylpeptidase IV (DPP4) is a serine protease expressed in T cells, epithelial cells, 

and endothelial cells 613. DPP4 localises to lipid raft domains in T cells, and interaction 

with adenosine deaminase anchored to dendritic cells provides a costimulatory signal 

augmenting T cell activation 614, 615.  MAL has been reported to mediate intracellular 

trafficking of DPP4 in cell lines 612, and interactions between these molecules may thus 

serve to modulate T cell activation threshold (see Chaper 6). In the direct context of atopy, 

DPP4 has also been reported to augment allergen-specific IgE production, regulate 

chemokine activity, and influence T cell recruitment in a rat model of asthma 613, 616. 

 

Nedd4 family interacting protein 2 (NDFIP2) interacts with Nedd4 617 and promotes 

NFκB signalling 618. In anergic T cells, the E3 ubiquitin ligases Itch and Nedd4 translocate 

to lipid raft domains and flag signaling proteins for degradation, thereby inhibiting T cell 
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activation 510. NDFIP2 regulation of Nedd4 activity 617 may thus influence T cell activation 

and signalling. NDFIP2 also has been reported to localise with mutivesicular bodies and 

may thus play a role in protein trafficking 619. 

 

RAB27B, the RAS oncogene family member is highly homologous to RAB27A and they 

have overlapping functions, however they are not redundant because they have distinct 

expression patterns 620. Mutations in the latter cause Griscelli syndrome - a disease which is 

characterized by inter alia attenuated CD8 T cell cytolytic activity resulting from defective 

secretion of lytic granules containing the serine protease granzmye B (GZMB) 621, 622. It is 

noteworthy that defects in RAB27A function in animal models of Griscelli syndrome can 

be compensated for by forced transgenic expression of RAB27B 620. Moreover, RAB27B 

forms a complex with the synaptotagmin-like protein SLAC2, and disruption of this 

complex impairs secretory granule exocytosis from salivary glands 623. RAB27A has also 

been reported to interact with several synaptotagmin-like proteins including 

synaptotagmin-like 3 (SYTL3), which are required for secretory function 621, 624. 

Hyperexpression of GZMB and the exocytosis machinery (RAB27B, SYTL3) in atopic 

T cells is intriguing, and in addition to the potential cytotoxic function of these genes 625, 

the proteolytic activity of GZMB can degrade components of the extracellular matrix 626, 

potentially contributing to airways remodelling in asthma. 

 

Non-SMC (structural maintenance of chromosome) element 1 homolog (NSMCE1) 

also known as NSE1 is a subunit of the SMC5/SMC6 complex 627. SMC complexes are 

involved in regulation of higher order chromosome structure and they are essential for 

DNA replication and repair, and potentially play a role in gene silencing and regulation of 

transcription 628.  

 

Guanine nucleotide binding protein gamma 8 (GNG8) has no known function, however 

it is located in a chromosomal region (19q13) which has been repeatedly linked to genetic 

susceptibility of atopy and associated phenotypes 1.  

 

Cytokine inducible SH2-containing protein (CISH) is a member of the suppressor of 

cytokine signaling (SOCS) protein family which inhibits STAT5 signalling 629. In 

transgenic mice, CISH overexpression promotes TH2 differentiation 630. 
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Interleukin 17 receptor B (IL-17RB) is a receptor for the inflammatory cytokines IL-17B 

and IL-17E (IL-25). Treatment of mice with IL-17E induces the expression of IL-4, IL-5, 

and IL-13, and the development of allergic symptoms such as eosinophilia and mucous 

hypersecretion 148. 

 

Calcium/calmodulin-dependent protein kinases type II are prominent kinases of the 

central nervous system which are important in cognitive functions including learning and 

memory 631. Four closely related genes (α, β, δ, and γ) each located on separate 

chromosomes encode distinct isoforms of CAMKII, and alternative splicing of the mRNA 

transcripts derived from these genes generates a considerable number of variants which 

assemble into homo- or heteromultimers of 8 – 12 catalytic subunits 631. Transgenic 

expression of a consitutively active mutant of CAMK2GB in mouse T cells was found to 

augment T cell proliferation and maintain higher numbers of antigen-dependent T memory 

populations compared to littermate controls 632. Thus remarkably, CAMKII is involved in 

both neurological and immunological memory. In contrast, overexpression of an active 

mutant of CAMK2Be in CD8 T cells has been reported to enhance proliferation but not 

survival of CD8 T cells, and in addition can induce an anergic-like antigen non-responsive 

state in these cells which can only be reversed by prolonged culture with IL-2 633. The 

CAMKII isoform detected in this study (CAMK2D) is encoded by the δ gene and its 

function is unknown in T cells. Calmodulin kinases are activated by the 

calcium/calmodulin signaling pathway, and these kinases modulate gene expression by 

regulating the activity/expression of several transcription factors and co-activators 

including CREB, CREB-binding protein, C/EBPβ, serum response factor, and AP1 634, 635; 

it is noteworthy that CAMKII is also activated by DVL signalling 636, suggesting a 

functional linkage with DACT1.  

 

Plexin domain containing 1 (PLXDC1) has recently been demonstrated to bind cortactin 
637, a protein that activates Arp2/3 complexes 638. These complexes initiate actin 

polymerisation, which is important for many facets of T cell biology, including T cell 

activation, adhesion and migration. 
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Platelet/endothelial cell adhesion molecule (PECAM1) (CD31) is an adhesion molecule 

expressed on platelets and leucocytes. PECAM1 contains immunoreceptor tyrosine 

inhibitory motifs (ITIM) and regulates antigen-induced T cell and B cell activation, and 

PECAM1 knockout mice are prone to develop autoimmunity 639. A study in Jurkat T cells 

reported that PECAM1 inhibited early calcium mobilisation from intracellular stores 640. It 

is known that a transient (as opposed to sustained) pattern of calcium mobilisation favours 

TH2 differentiation and signaling pathways 641, and attenuation of calcium mobilisation 

during T cell activation via PECAM1 may thus favor expression of the TH2 response 

phenotype. PECAM1 also regulates β-catenin levels 639, suggesting a functional link 

between DACT1 and PECAM1. 

 

In summary, several novel genes associated with allergen-driven T cell activation in atopics 

were identified and validated for the first time in this study. These genes represent logical 

candidates for more detailed genetic and immunological studies into atopy pathogenesis. 
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5. Chapter Five: Comparison of allergen-driven gene expression patterns 
in T cells from atopics with and without asthma 
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5.1 Introduction 

Atopic diseases such as asthma are currently thought to be driven by activation of allergen-

specific TH2 memory cells. However, many atopic subjects remain symptom-free, despite 

their peripheral T memory cells producing high levels of TH2 cytokines when challenged 

with allergens in vitro 376. Cookson has proposed that defects in epithelial barrier integrity 

increase accessibility of allergens to the immune system enhancing disease processes 259. 

Holgate on the other hand has proposed that asthmatics have impaired wound healing 

processes causing a chronic wound which sustains allergen-driven inflammation and 

remodelling 170. However, while these mechanisms are plausible candidates for important 

roles in disease chronicity, fixed structural changes associated with remodelling of the 

airways do not explain the recurrent and intermittent nature of asthma exacerbations, which 

occur in the majority of patients, and these symptoms are more consistent with the repeated 

release and metabolism of effector molecules 642. The possibility that variations in immune 

response phenotype and function may underlie differences amongst atopics sensitised to 

inhalant allergens was demonstrated in a recent study by Holt and co-workers 268. The study 

investigated T cell responses in children recruited from a longitudinal birth cohort, and 

reported that differences in T cell responses were associated with distinct patterns of 

expression of clinical symptoms (asthma, wheeze, airways hyperresponsiveness). In this 

thesis it was thus hypothesised that transcriptional profiling of allergen-driven T cell 

response patterns in atopics with or without airway symptoms may identify novel genes 

which are associated with disease symptomatology, and if so this would contribute to our 

understanding of why some atopics suffer from asthma and associated clinical phenotypes 

whilst others do not.  

 

5.2 Study population 

The study population available to test this hypothesis consisted of 40 atopic subjects aged 

between 31 and 51 years. Atopy was defined as having a positive SPT to HDM ≥ 5 mm. 

Atopic subjects with multiple airway symptoms were preferentially included in the study to 

obtain individuals with more extreme clinical phenotypes. The “asthma” group consisted of 

20 subjects, comprising 9 subjects with asthma/wheeze/BHR; 8 subjects with 

asthma/wheeze; 2 subjects with BHR/asthma; and 1 subject with asthma. Fifteen subjects in 
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this group had rhinitis and seven subjects had eczema. The remaining 20 subjects 

comprised the “no asthma” group and were totally devoid of any airway symptoms 

(asthma, wheeze, BHR, rhinitis), however four subjects in this group had eczema. Wheeze 

and asthma were defined as affirmative answers to the following questions; “have you 

wheezed in the past year”, and “do you currently have asthma diagnosed by a doctor”. BHR 

was assessed using the Yan technique as detailed previously 268.  

 

5.3 qRT-PCR analysis of allergen-driven gene expression patterns in 

CD4 T cells from atopics with or without asthma 

PBMC from the subjects (n=40) were cultured in the presence or absence of HDM allergen 

for 24 h, then CD8 followed by CD4 T cells were purified from the PBMC by 

immunomagnetic separation. Based on earlier findings in this thesis the 24 h time point was 

selected as the best compromise to facilitate detection of both the early signalling genes and 

the late effector genes, which were identified in Chapters 3 and 4. Total RNA was extracted 

from the CD4 T cells, and gene expression was initially investigated by qRT-PCR. The 

CD8 T cell responses were not investigated in this study due to time and resource 

constraints.  

 

As illustrated in Fig. 36, comparison of gene expression levels in HDM-stimulated T cells 

(HDM) with resting T cells at baseline (Cont) demonstrated significant upregulation of 

expression of exemplary T helper lineage signature genes including IFN-γ (TH1), IL-17 

(TH17), FOXP3 (TREG), as well as the TH2 genes IL-4 and IL-13, and DACT1. However it 

is noteworthy that the IFN-γ responses were relatively weak in these subjects at this time 

point, consistent with the late kinetics of IFN-γ expression observed previously in Chapters 

3 and 4 of this thesis.  

 



 

 

Figure 36: qRT-PCR analysis of gene expression levels in HDM-stimulated CD4 T 
cells from atopic subjects with or without asthma  

PBMC from atopic subjects with (n=20) or without (n=20) asthma were cultured in the 
presence (HDM) or absence (Cont) of HDM for 24 h. At the termination of the cultures, 
CD4 T cells were purified by immunomagnetic selection, and gene expression was 
investigated by qRT-PCR. Statistical analysis by Wilcoxon matched pairs test for Cont 
versus HDM comparisons only. Symbols: ** p < 0.005, *** p < 0.0005.  
 

To identify differences in the immune response profiles of atopic subjects with or without 

asthma, gene expression levels in the two groups were compared for multiple cytokines 

(IL-4, IL-5, IL-13, IL-17, IFN-γ, LIF, TNF-α) and other genes (FOXP3, GZMB), and 

statistical analyses of these data revealed that there were no significant differences between 

the two groups (Fig. 37).  

 

It is likely that atopy, asthma, wheeze, and BHR are driven by distinct but overlapping 

pathways 32, 268. Whilst univariate analyses of qRT-PCR data in Fig. 37 did not identify any 

differences in gene expression patterns between atopics with or without asthma, an 

alternative analysis of the data was sought which considers the data for all the genes and 

generates a graphical representation of the similarities and differences or interrelationships 

between the subjects.  
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Figure 37: qRT-PCR analysis of allergen-driven gene expression patterns in CD4 
T cells from atopic subjects with or without asthma 

See Fig. 36 legend for experimental details. Data presented as gene expression levels above 
background. Statistical analysis by Mann-Whitney U-test.  

 

Therefore the data was analysed by principle components, which transforms 

multidimensional data (note that the number of dimensions in this data set is the number of 

genes) onto a smaller dimensional space without significant loss of information, 

simplifying and summarising the data as well as highlighting the most interesting features 
410. The results are illustrated in Fig. 38, where atopics without asthma are rendered in 

black, and atopics with asthma were further subdivided for the purposes of this figure into 

one group with asthma/BHR (rendered in red), and another group with asthma but not BHR 

(rendered in green). The analysis showed that the individual subjects did not cluster into 

distinct clinical groups, suggesting that there was no significant relationship between T cell 

response patterns and clinical phenotypes when considering the data for all the genes in 

Fig. 37. It is noteworthy that the outlying atopic subject without asthma in the top right 
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hand corner of the plot in Fig. 38 was the same individual who produced vast amounts of 

IL-4, IL-5, and IL-13 in Fig. 37.  
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Figure 38: Principle component analysis of allergen-driven gene expression data in 
CD4 T cells from atopics with and without asthma 
The qRT-PCR data from Fig. 37 were analysed by principle component analysis. The first 
and second components account for 70% of the variability in the data. The black, red, and 
green data points indicate atopics without asthma, atopics with asthma/BHR, and atopics 
with asthma but not BHR respectively.   

 

5.4 Gene expression profiling of allergen-driven gene expression 

patterns in CD4 T cells from atopics with or without asthma 

The question which was the primary focus of this study was why some atopics develop 

airway symptoms whilst others do not, despite the fact that T cells from most atopic 

subjects produce elevated quantities of TH2 cytokines when exposed to HDM allergens in 

vitro 376. Therefore 7 atopic subjects with current asthma and 7 atopic subjects without 

asthma who produced equivalently large quantities of IL-4 thus indicating an underlying 

TH2 memory response phenotype, were selected for microarray analysis. It was anticipated 

that HDM-induced immune responses in these subjects despite all being TH2 polarised, 

may nevertheless exhibit intrinsic heterogeneity, and that the differences in the response 

profiles of each group may be subtle, therefore HDM-stimulated and unstimulated CD4 

T cells from each individual subject were analysed on individual U133 plus 2.0 microarrays 

rather than employing a pooling approach. Microarray profiling of HDM-driven gene 

expression patterns in CD4 T cells from atopics with or without asthma are illustrated in 
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Fig. 39A and 39B respectively. These data indicated the presence of an allergen-specific 

signal in the expression profiles of both groups. 
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Figure 39: Microarray profiling of allergen-driven gene expression patterns in CD4 T 
cells from atopic subjects with or without asthma  

PBMC from 7 atopic subjects with asthma (A) and 7 atopic subjects without asthma (B) 
were cultured in the presence or absence of HDM allergen for 24 h. At the termination of 
the cultures, CD4 T cell were purified by immunomagnetic selection, and gene expression 
was profiled on U133 plus 2.0 microarrays. Statistical analysis by moderated T-test. Dashed 
vertical lines indicate a fold change of two, the solid horizontal line indicate FDR q < 0.05.  
 

For instance, HDM stimulation upregulated TH2 signature genes (IL-4R, IL-9) as well as 

several of the novel genes reported in the previous chapters (CAMK2D, CISH, DACT1, 

GZMB, IL-17RB, MAL, NDFIP2, RAB27B) by approximately two fold or more (i.e. 

values on the horizontal axis were greater than positive one), although several of these 

genes had low values on the vertical axis indicating subject-to-subject variability in 
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expression patterns. It is noteworthy that several genes which were readily detected by 

qRT-PCR analysis in Fig. 37 were buried in the noise in Fig. 39A and 39B (in particular 

FOXP3 and IL-17), indicating that the expression levels of some genes were below the 

detection limits of microarray.  

 

To identify differences in the response profiles of atopic subjects with or without asthma, 

the interaction of background-corrected gene expression levels (HDM/control) in the two 

groups was plotted in Fig. 40. In the figure, genes located in the top right or top left corner 

of the plot are expressed at higher levels in atopics with or without asthma respectively. 

However, the data in Fig. 40 demonstrated a lack of genes located in the top right or top left 

corner of the plot, indicating that there were no genes which were highly differentially 

expressed in either group by both fold change and statistical criteria, hence there were no 

striking differences between the two groups.  
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Figure 40: Microarray profiling of HDM-driven gene expression patterns in CD4 T 
cells from atopic subjects with or without asthma 
See Fig. 39 for experimental details. Data presented as a V-plot. Statistical analysis by 
moderated T-test. The data points labelled X indicate the position of genes labelled 
previously in Fig. 39. NA indicates hypothetical/predicted gene with no official gene name.  
 

Due to the absence of striking differences, selection of candidate genes for further analysis 

was made on the basis of extremity of fold change values or T-statistics, and these genes 

are named in Fig. 40 and their functions are detailed in Table 12. With the exception of IL-

4R, CAMK2D, DACT1, and SYTL3, the genes which were discovered previously in 

Chapters 3 and 4 of this thesis (which are named in Fig. 39A and 39B and labelled X in 
 136
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Fig. 40) were generally buried in the noise in Fig. 40, suggesting that that these genes were 

expressed at comparable levels in atopics with or without asthma. This was probably not 

surprising because most of these genes were identified by their co-expression with the TH2 

cytokines, which did not differ between atopics with or without asthma in this experiment.   

 

Table 12: Function of genes with distinct expression patterns in HDM-driven CD4 
T cells from atopics with or without asthma 

Symbol Name Map Function 

CBFA2T2 Core-binding factor, runt 

domain, alpha subunit 2, 

translocated to, 2 

20q11 Transcriptional regulation 

CCR7 Chemokine (C-C motif) 

receptor 7 

17q12-q21.2 Controls migration of memory T 

cells.  

DCN Decorin 12q21.33 Proteoglycan which plays a role in 

extracellular matrix assembly. 

DLX1 Distal-less homeo box 1 2q32 Transcriptional regulator of TGF-β 

family member signalling pathways.  

DRIM UTP20, small subunit 

(SSU) processome 

component, homolog  

12q23 May regulate cell proliferation.  

ETNK1  Ethanolamine kinase 1 12p12.1 Phosphatidylethanolamine synthesis.  

EXT1 Exostoses 1 8q24.11-

q24.13 

Involved in heparan sulfate synthesis. 

HLA-

DQB1/DRB4 

MHC class II complex 

beta chains 

6p21.3 Presents peptides derived from 

extracellular antigens.   

MALAT1 Metastasis associated 

lung adenocarcinoma 

transcript 1  

11q13.1 A non-protein coding RNA which has 

no known function but is highly 

conserved b/w mouse and man.   

NSF N-ethylmaleimide-

sensitive factor 

17q21 Required for mast cell degranulation.  

PLD1 Phospholipase D1, 

phophatidylcholine-

3q26 Catalyses the hydrolysis of 

phosphatidylcholine to produce 
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specific phosphatidic acid and choline. 

PRO1073 PRO1073 11cen-q12.3 Hypothetical protein.  

RAB12 RAB12, member RAS 

oncogene family 

18p11.22 Found in secretory granules.  

SCD5 Stearoyl-CoA desaturase 

5 

4q21.3 Catalyses the formation of 

monounsaturated fatty acids from 

saturated fatty acids. 

SNX7 Sorting nexin 7 1p21.3 May be involved in intracellular 

trafficking.  

TFPI2 Tissue factor pathway 

inhibitor 2 

7q22 Regulates extracellular matrix 

degradation and remodelling.  

TRIM4 Tripartite motif-

containing 4 

7q22-q31.1 No known function.  

VPS33A Vacuolar protein sorting 

33A (yeast) 

12q24.31 May mediate vesicle trafficking steps 

in the endosome/lysosome pathway. 

XIST X (inactive)-specific 

transcript 

Xq13.2 This non-protein coding RNA 

silences one X chromosome during 

female development providing 

dosage equivalence in males and 

females. 

ZNF479 Zinc finger protein 479 7p11.2 May be involved in transcriptional 

regulation. 

Functional information on genes was obtained from Entrez Gene, Genecards, and Swiss-
Prot (see Chapter 1.7.2.6 for web addresses). 
 

5.5 Validation of novel genes associated with allergen-driven response 

patterns in CD4 T cells from atopics with or without asthma 

Fifteen of the outlying genes from Fig. 40 were selected for qRT-PCR validation studies 

including CAMK2D, CBFA2T2, DACT1, DCN, DLX, DRIM, ETNK1, EXT1, IL-4R, 

MALAT-1, NSF, RAB12, SYTL3, VPS33A, and ZNF479. The qRT-PCR assay for DCN 

did not amplify a PCR product during initial primer testing, therefore DCN was not 

investigated further. It is also noteworthy that the ZNF479 assay amplified a minor non-
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specific product, and the melting profile of the DRIM qRT-PCR also suggested some 

evidence of non-specific amplification (see Appendix Three), however these commercial 

assays were not redesigned due to time constraints. Statistical analysis of the qRT-PCR 

data by Mann-Whitney U-test demonstrated that whilst a subset of the genes (CAMK2D, 

CDFAT2, DACT1, IL-4R, VPS33A) were significantly elevated in the response profiles of 

the atopics with asthma in the subset of individuals employed in the microarray experiment, 

no significant differences in gene expression levels were observed between atopics with or 

without asthma for any of the 15 genes when the entire panel of 40 atopic subjects was 

tested, although expression levels of ZNF479 approached significance (Mann-Whitney p = 

0.0566, expression levels were higher in atopics without asthma). It was reasoned that 

because the microarray experiments were performed on atopics mounting a robust IL-4 

response to allergen stimulation, the association of the genes identified in this experiment 

with asthma may only be applicable to atopic populations stratified according to the same 

selection criteria. Therefore the data was reanalysed in the subset of the atopics displaying a 

robust IL-4 response, which was defined by the presence of an IL-4 expression level above 

background of 4 qRT-PCR units (see IL-4 data in Fig. 37). At this threshold, 12 atopic 

subjects with asthma and 11 atopic subjects without asthma were included in the analysis. 

The analysis demonstrated that there were no significant differences in expression levels of 

the genes from Fig. 37 (IL-4, IL-5, IL-13, IFN-γ, IL-17, FOXP3, GZMB, LIF, TNF-α) nor 

most of the novel genes from Fig. 40 (CAMK2D, CBFA2T2, DACT1, DCN, DLX, DRIM, 

ETNK1, EXT1, IL-4R, MALAT-1, NSF, RAB12, SYTL3, VPS33A, ZNF479) in atopics 

with or without asthma. However, expression levels of CBFA2T2 and VPS33A were 

significantly elevated in asthmatics, and hyperexpression of CAMK2D and DRIM 

approached significance in this group (Fig. 41). It could be argued that the threshold cut-off 

of IL-4 production selected for inclusion or omission of atopics into the analysis is 

somewhat arbitrary, and may have allowed the chance validation of VPS33A and 

CBFA2T2. Therefore two alternative thresholds of IL-4 production were selected and the 

data was reanalysed. At the lower threshold of 3 qRT-PCR units of IL-4 expression above 

background, there were 14 atopics in each group, and significantly elevated expression 

levels of VPS33A (Mann-Whitney p = 0.0457) and CBFA2T2 (Mann-Whitney p = 0.0230) 

but none of the other genes mentioned above (i.e. none of the cytokines or novel genes) 

were observed in atopics with asthma. At a higher threshold of 10 qRT-PCR units of IL-4 

expression above background, there were 9 atopics in each group, and significantly 



 

elevated expression levels of VPS33A (Mann-Whitney p = 0.0056) and CBFA2T2 (Mann-

Whitney p = 0.0106) but once again none of the other genes mentioned above (i.e. none of 

the cytokines or novel genes) was observed in the asthmatics. It is noteworthy that no 

differences in gene expression were detected between atopic asthmatics with or without 

BHR when performing the analysis on all asthmatics or just in subjects with a robust IL-4 

response.  

 

 

Figure 41: qRT-PCR validation of novel genes hyperexpressed in allergen-driven CD4 
T cells from atopics with asthma 
Data presented as gene expression levels above background after 24 h of HDM stimulation. 
Statistical analysis by Mann-Whitney U-test. 

 

5.6 Discussion 
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The body of evidence from human and animal studies which supports a causal role for TH2 

cytokines in the pathogenesis of atopic asthma is substantial 385, however several key 

questions still remain unanswered. Firstly, the level of efficacy achieved in clinical trials 

with TH2 antagonists (e.g. anti-IgE, anti-IL-4, anti-IL-5) have been disappointing 382. While 

the lack of clinical efficacy in these trials may be explained by the fact that blocking 

individual TH2 effector cytokines is not effective due to the functional redundancy in the 
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system 385, this does not account for the lack of disease in atopic subjects who produce very 

high amounts of TH2 cytokines in recall responses to allergens 376. It has been proposed that 

defects in epithelial barrier function 259, variations in the nature and efficacy of wound 

healing processes 170, and variations in the kinetics of postnatal development of immune 

and respiratory systems 643 may ultimately determine the selective expression of clinical 

systems in particular subsets of atopics. In this study an alternative but not mutually 

exclusive hypothesis was put forward. It was proposed that development of 

symptomatology in the airways of atopics may be driven by additional, as yet unknown 

abnormalities in the gene expression program within the allergen-specific T memory 

compartment.  

 

Gene expression was profiled in allergen-driven CD4 T cells from atopic subjects (n=40) 

with or without asthma employing qRT-PCR and microarray analysis. These studies 

initially demonstrated that expression of various T helper lineage markers (IL-4, IL-5, IL-

13, IFN-γ, IL-17, FOXP3) and additional proinflammatory genes (GZMB, LIF, TNF-α) 

were not different between atopics with versus without asthma, suggesting that 

immunological programming of T helper memory was similar in both groups. The vast 

array of effector molecules produced in these responses offer an explanation as to why 

single TH2 antagonists are ineffective in the management of allergic diseases, however they 

do not shed light on why some atopics express clinical symptoms whilst others do not. 

Therefore to further investigate this issue, gene expression patterns in a subset of the 

individuals harbouring a genuine TH2 memory response phenotype which was defined by 

the presence of a strong IL-4 signal were further analysed on microarrays. It is noteworthy 

a TH2 memory response phenotype could have been defined by the detection of a signal for 

IL-5 and/or IL-13 rather than IL-4, however IL-4 was selected because IL-4 is the hallmark 

cytokine which drives differentiation of TH2 cells and production of the downstream TH2 

cytokines (IL-5, IL-9, IL-13) 231. Microarray profiling of gene expression patterns in 

subjects with or without asthma in Fig. 40 demonstrated a paucity of outlying genes which 

discriminated the responses by both extreme fold change and statistical criteria, suggesting 

that differences in the response patterns of each group were subtle or inconsistent. Fifteen 

genes were then selected for qRT-PCR validation studies, and these experiments 

demonstrated that whilst elevated expression of a subset of these genes was associated with 

asthma within the subset of individuals (n=14) employed in the microarray experiment, no 
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significant differences in expression patterns were observed between atopics with or 

without asthma in the overall panel of subjects (n=40), suggesting that the differences 

observed in the smaller panel of subjects may be due to random sampling error 547. 

However, the frequency of T cells responding to allergens in the peripheral blood is very 

low 83, 168, 563, and is also subject to day-to-day and diurnal variation 644 due to fluctuations 

in lymphocyte recirculation, and this is reflected by the fact that only a subset of CD4 

T cells from the HDM SPT+ subjects in this study produced detectable levels of the 

principal TH2 growth factor IL-4 in response to HDM-stimulation at the static sampling 

time point in this experiment. Therefore to increase the signal-to-noise ratio of the analysis, 

the qRT-PCR data was reanalysed in the subset of individuals producing robust levels of 

IL-4, i.e. in those showing objective evidence of the presence of recirculating HDM-

specific T helper cells at the time of sampling. These analyses demonstrated that expression 

levels of VSP33A and CBFA2T2 were significantly elevated in the response profiles of 

these atopics, suggesting that within the subset of atopics exhibiting a genuine TH2 memory 

recall response, these genes may split atopics into those with or without asthma.  

 

It is important to emphasise the preliminary nature of these data. If additional time and 

resources had been available within this project, this study would have beed repeated, but 

this was not possible. Without replication in independent panels of subjects, statistical 

inferences can not be made about biological populations 645. Moreover, there were several 

additional limitations of the study which are noteworthy. This study was performed on 

atopic adults due to sample availability, and although the weighted mean of the population 

attributable risk (the proportion of cases thought to be a direct result of exposure to the risk 

factor) of developing asthma in atopics is similar in adults and children when comparing 

many independent studies, comparison of risks in adults and children within the same 

population has demonstrated a stronger association of asthma and atopy during childhood 3. 

Therefore T cell response patterns to allergens may be more relevant to asthma inception 

during the developmental window in early childhood in which immunological and 

respiratory function is established 643, and followup microarray studies are accordingly 

necessary in younger age groups of atopic asthmatics.  

 

An additional limitation of the study relates to the nature and power of the study group 

selection involved. To increase the chance of finding differences in this relatively small 
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scale microarray study, atopics with extreme phenotypes (i.e. exhibiting more than one 

asthma related phenotype) were selected. It is also noteworthy that five subjects (in each 

group) is the minimum recommended number of replicates to employ in a microarray 

experiment 547, and although seven subjects were employed in each group in this study, the 

lack of genes which were validated in the qRT-PCR experiments suggests that this number 

of replicates is inadequate in this experimental setting. Moreover, recent studies have 

demonstrated that different T cell response patterns are associated with different aspects of 

wheezing-associated phenotypes, notably BHR versus current asthma 268, suggesting that 

more highly powered studies should be performed employing larger groups of subjects with 

isolated (eg. asthma but not BHR) as well as multiple symptoms. Notwithstanding these 

limitations of the study, it is tempting to speculate the role of VPS33A and CBFA2T2 in 

driving airway symptoms.  

 

As noted above, the overall results of this study were disappointing. However, focusing on 

the strongly atopic subgroup (high IL-4 producers) in the study population revealed 

potential differences in the two genes VPS33A and CBFA2T2, which I speculate merit 

followup in future studies for the following reasons. VPS33A is located in a chromosomal 

region (12q24) which has been repeatedly implicated in the susceptibility of atopy and 

associated phenotypes 1. The role of VPS33A in the immune system is not known, however 

VPS33A was recently positional cloned as the gene which causes defective pigmentation in 

a mouse model of Hermansky-Pudlak Syndrome (HPS) 646. HPS is a collection of separate 

recessive genetic disorders which are each characterised by a mutation in a separate gene 
646. HPS is closely related to two other syndromes, Chediak-Higashi Syndrome, and 

Griscelli Syndrome, which are also characterised by defective pigmentation and are 

additionally associated with severe immunodefiency 646. The co-occurrence of defects in 

pigmentation and immune function lead to the discovery that there is overlap in the cellular 

machinery mediating secretion of melanosomes and lytic granules respectively, and 

RAB27A which is highly homologous to RAB27B 620 is one such example of a gene which 

is essential for both normal pigmentation and immune function 621. Although expression 

levels of the secretory genes NSF and RAB12 were not associated with asthma in the qRT-

PCR validation studies, detection of these genes in allergen-stimulated CD4 T cells is 

nonetheless an important finding which merits further investigation. It is also noteworthy 

that expression patterns of the secretory genes (NSF, RAB12, VPS33A) were highly 
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variable in the atopic subjects (data not shown), and the immunological consequences of 

this subject-to-subject variation also merits further studies.  

 

To investigate the function of the transcriptional regulator CBFA2T2 (also known as 

MTGR1), Amann and co-workers created CBFA2T2-null mice 647. Development of these 

mice was normal apart from their small size which was 15 – 20% smaller than littermate 

controls 647. However, after six weeks of age, these mice had a profound reduction in 

secretory lineage cells (goblet, Paneth, and enteroendocrine cells) within the small intestine  
647. Since there was no loss of progenitor cells in these animals, the authors concluded that 

CBFA2T2 is required for the maturation and maintenance of secretory cells in the small 

intestine. Thus CBFA2T2 may thus be a master regulator of the development and function 

of secretory cells.   

 

T cell function is dependent on secretion of cytokines and effector molecules during 

cognate interactions with target cells. When TH2 cells interact with APC or B cells, or when 

cytotoxic T cells interact with their target cells, the T cells reorganise their actin 

cytoskeleton within minutes and polarise towards the target cell forming a stable interface 

or contact zone known as the “immunological synapse” 648. The T cell secretory machinery 

(golgi apparatus, microtubule organising centre) is reoriented just beneath the synapse, 

allowing the directed secretion of effector molecules directly towards the target cell, which 

is thought to avoid collateral damage and/or activation of bystander cells 649. The cellular 

machinery involved in polarised secretion of cytokines in T helper cells has only recently 

been investigated by Mark Davis and co-workers 650. Davis showed that during interactions 

between T helper cells and B cells, IL-2 and IFN-γ were secreted in a polarised fashion, 

whereas TNF-α was secreted in a multidirectional fashion. Distinct trafficking proteins 

from the RAB and SNARE (soluble N-ethylmaleimide-sensitive fusion factor attachment 

receptor) families were utilised in polarised or multidirectional secretory pathways, and 

intriguingly IL-4 was secreted in both a multidirectional and polarised fashion. Only a 

handful of effector molecules and trafficking proteins have thus far been investigated in T 

helper cells by Davis and co-workers, therefore further studies are required to investigate 

the potential role of the novel genes identified in this study (CBFA2T2, NSF, RAB12, 
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VPS33A) and previously in  Chapter 4 (RAB27B, SYTL3) in the secretory function of T 

helper cells. 
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6. Chapter Six: Regulation and function of novel atopy-associated genes 
in T cell responses   
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6.1 Introduction 

Despite a wealth of earlier microarray studies in the literature investigating gene expression 

patterns in TH2 cell lines or in T cells from atopic subjects 461, 511-515, 517-524, 564, the atopy-

associated genes which were identified and validated earlier in Chapters 3 and 4 of this 

study have not been previously reported in the context of atopy or TH2 responses (except 

where acknowledged). One possible explanation for this anomaly is that the methodologies 

employed in the previous studies were radically different to those utilised in the current 

study. In particular, due to the low precursor frequency of recirculating allergen-specific 

T memory cells in the peripheral blood 83, 368, 563, previous studies have investigated gene 

expression patterns in polyclonal TH1 and TH2 cell lines generated in vitro, or in cell lines 

enriched for allergen-specific T cells by prolonged stimulation with allergens.  Strong 

activation stimuli are employed to drive the differentiation of TH1 and TH2 lines in vitro, 

and these stimuli are known to distort patterns of gene expression in T cells (see below) 544. 

Moreover, differences in the flexibility of cytokine gene expression have been reported in 

T cells which ere generated in vitro or obtained ex vivo 243. Prolonged culturing as opposed 

to the short-term stimulation employed in this study can potentially result in deviation of 

acute gene expression patterns in T cells from their in vivo behaviour. For instance, ongoing 

cytokine production results in bystander activation of antigen-nonspecific T cells 651; TH2 

cells have a survival advantage over TH1 cells thus prolonged culture would favour the 

former responses 652; and finally differences in cytokine flexibility of T memory subsets 

may cause a shift in acute patterns of gene transcription 243. In preliminary experiments 

performed in Chapter 3, the gene expression profiles of allergen-driven, CD69-selected 

cells from 14 h PBMC cultures were different to the expression profiles of CFSE low-

selected dividing cells from six day PBMC cultures which were briefly reactivated with the 

potent mitogen PMA and ionomycin (PMA+I). However, it was not known if the distinct 

gene expression profiles were a result of the mitogen stimulation as reported previously 544, 

or various other manipulations employed in the CFSE selection protocol. Therefore gene 

expression was investigated below by qRT-PCR in PBMC responses driven by a range of 

conventional T cell mitogenic stimuli. These experiments demonstrated that a subset of the 

novel TH2-associated genes are upregulated in T cell responses driven by physiological 

antigens encountered in the environment such as allergens and superantigens, but remain 
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quiescent in non-physiological T responses driven by potent mitogens, accounting for their 

failure to be detected in earlier studies.  

 

To investigate the role of the novel atopy-associated genes reported in this thesis in T cell 

activation, methodology was established to silence gene expression in PBMC responses by 

RNA interference (RNAi) 653. RNAi is an ancient cellular anti-viral defence mechanism 

whereby double stranded RNA (e.g. from a virus) activates the cellular RNAi machinery to 

degrade the RNA into short sequences, which in turn are used to locate and degrade other 

single stranded RNA molecules of the same sequence, silencing gene expression 653. This 

natural cellular process also regulates endogenous gene expression, and can be harnessed to 

specifically silence expression of any gene of interest by introducing synthetic double 

stranded short interfering RNA (siRNA) molecules into the cell which are complementary 

to the target gene 653. Technology to introduce (transfect) siRNA into primary cells such as 

PBMC was recently developed by Amaxa (http://www.amaxa.com/), and their 

electroporation-based method called nucleofection is currently the only non-viral method 

able to deliver macromolecules directly into the nucleus of a broad range of primary cells 

with high efficiency 654. Moreover, a recent study has demonstrated the superiority of the 

nucleofector technology compared to traditional electroporation-based or viral methods for 

transfection of primary rodent T cells 655. A major disadvantage of electroporation-based 

protocols is the substantial cell death caused by the process, which is likely to be especially 

problematic when studying rare cell populations such as allergen-specific T cells. 

Preliminary experiments suggested that superantigens such as SEB induced many of the 

novel genes identified in allergen-driven responses in Chapters 3 and 4. Therefore 

superantigen-driven T cell responses were investigated rather than allergen-driven 

responses because the frequency of T cells which respond to the former stimulus is orders 

of magnitude higher 656, resolving any potential cell death problem. Classical readouts of T 

cell function including proliferation and cytokine production were not altered by silencing 

DACT1 or CAMK2D expression in superantigen-driven responses, therefore microarray 

profiling was employed to elucidate the function of these genes. The experiments below 

identified putative downstream transcriptional targets of DACT1 and CAMK2D signalling, 

however these downstream genes were modulated by less than two-fold, and will therefore 

require independent qRT-PCR validation.  

 

http://www.amaxa.com/


 

6.2 Mitogens distort patterns of gene expression in T cells  

Comparison of gene expression patterns in allergen-driven CD69-selected cells with 

allergen-driven, CFSE low-selected, mitogen reactivated cells in Chapter 3 (Fig. 5, 6) 

suggested that expression levels of DACT1 and MAL are not upregulated in non-

physiological T cell responses which are driven by potent mitogens. However, it is also 

possible that other manipulations employed in the CFSE selection protocol (CFSE 

labelling, cell sorting, six day culture) altered the expression patterns of DACT1 and MAL, 

rather than the mitogen stimulation per se. Therefore a dedicated experiment was set up to 

address this issue. PBMC from 8 atopic donors (SPT to HDM > 3 mm) were cultured in 

medium alone (Cont) or that containing HDM allergen or PMA+I for 8 h. This time point 

was specifically chosen to accommodate the PMA+I responses which are optimal at early 

time points, and the allergen stimulation was only included for purposes of comparison. 

Total RNA was extracted from the PBMC and gene expression was assessed by qRT-PCR. 

It is noteworthy that PMA+I essentially activates 100% of T cells 568, whereas the 

frequency of allergen-reactive cells in peripheral blood is typically less than 0.1 % 83, 368. 

The results depicted below in Fig. 42 demonstrated that the potent mitogen PMA+I induced 

massive upregulation of T cell cytokines (IL-4, IL-13) in PBMC, but down modulated 

expression of DACT1 and DPP4.  

 

Figure 42: qRT-PCR analysis of gene expression patterns in T cell responses driven 
by allergens or the pharmacological mitogen PMA and ionomycin 

 149

PBMC from 8 atopic donors were cultured in the presence or absence of HDM or PMA+I 
for 8 h. Statistical analysis by Wilcoxon-signed rank test for control versus HDM or control 
versus PMA+I comparisons only. Symbols: † p < 0.05, ‡ p < 0.01. 



 

MAL was also downregulated by PMA+I in the majority of individuals, although this was 

not significant (p=0.0781). In contrast, allergen stimulation induced much lower levels of 

cytokines, however expression of DACT1, MAL, and DPP4 was consistently upregulated 

in these responses. Expression levels of CAMK2D were induced in responses driven by 

both allergen and PMA+I. These data suggested that potent mitogens may drive alternative 

activation pathways in T cells. It is noteworthy that accessory cells are not required for 

PMA+I activation of T cells 568, therefore another experiment was set up to investigate T 

cell responses driven by alternative stimuli which depend on accessory cells. PBMC from 

six atopic subjects (SPT+ to HDM) with eczema were cultured for 14 h in medium alone 

(Cont) or that containing HDM allergen, the bacterial superantigen Staphylococcal 

enterotoxin B (SEB) 656, the mitogen soluble anti-CD3 mAb + IL-2 (sCD3) 657, or the 

mitogen phytohemagglutinin (PHA) 656, and gene expression was investigated below by 

qRT-PCR (Fig. 43).  

 

Figure 43: qRT-PCR analysis of gene expression patterns in T cell responses driven 
by allergens, superantigens, and the mitogens soluble anti-CD3 and PHA 

PBMC from 6 atopic donors with eczema were cultured in the presence or absence of the 
respective stimuli for 14 h. Statistical analysis by Wilcoxon-signed rank test for 
comparisons between control cells and each individual stimuli. Symbols; † p < 0.05.  
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Atopic subjects with eczema were selected for this study because their skin is frequently 

colonized with S. aureus, and SEB antigens derived from this species may play a role in the 

pathogenesis of these disorders 658. As illustrated in Fig. 43, upregulation of T cell 

cytokines (IL-13, IFN-γ) and NDFIP2 was detected in all four responses. Strikingly, 

expression of DACT, MAL, and DPP4 was induced by HDM, but not in responses driven 

by the potent mitogen PHA. T cells stimulated with sCD3 upregulated DACT1 and DPP4, 

but MAL was induced in only five out of the six subjects by sCD3 which was not 

statistically significant (p=0.0938). The SEB responses most closely resembled the HDM 

responses upregulating DACT1, MAL, DPP4, and RAB27B (although RAB27B was not 

significantly upregulated (p=0.1250) in the HDM responses in this study possibly because 

of the small number of subjects and resulting lack of power), while maintaining expression 

of PLXDC1. Expression of the latter two genes was downregulated by PHA and sCD3. 

 

Activation of T cells with sCD3 requires binding of the anti-CD3 mAb to Fc receptors on 

accessory cells, and is thus accessory cell-dependent 657. Therefore an additional 

experiment was performed to determine if DACT1 could be upregulated by anti-CD3 mAb 

under conditions which are independent of accessory cells. The experimental design was as 

per Fig. 43, except that three additional stimuli were tested including  anti-CD3 mAb 

immobilised to the culture plate (iCD3), anti-CD3 mAb immobilised to microspheres 

which were also conjugated with antibodies against CD2 and CD28 (“artificial antigen 

presenting cells”, rAPC), and the accessory cell independent mitogen combination PMA+I. 

PBMC from atopic donors (SPT+ to HDM) were thus cultured in the presence or absence of 

HDM, SEB, sCD3, iCD3, rAPC, PHA or PMA+I for 14 h, and gene expression was 

investigated by qRT-PCR.  

 

To maximise the statistical power to detect differences within the sampled population, the 

data was log transformed and a paired T-test was performed. As illustrated in Fig 44, 

expression of CAMK2D and NDFIP2 was universally upregulated by the mitogen panel, 

and DACT1, MAL, and DPP4 were upregulated by sCD3 and iCD3, but not PHA or 

PMA+I, consistent with the previous results in Fig. 42 and 43. Moreover, MAL and DPP4 

were downregulated by PMA+I, and the former was also down modulated by PHA. 

Intriguingly, rAPC which are conjugated with a combination of antibodies (anti-CD2, anti-



 

CD3, anti-CD28) known to boost TH2 cytokine expression 659 did not upregulate MAL or 

DPP4 expression, and only induced low levels of DACT1.  

 

 

Figure 44: qRT-PCR analysis of gene expression patterns in T cell responses driven 
by allergens, superantigens, and an extended panel of mitogens 

Atopic PBMC were cultured in the presence or absence of the respective stimuli for 14 h. 
Statistical analysis by paired T-test on log transformed data for comparisons between Cont 
and stimulated cells. Symbols: † p < 0.05, ‡ p < 0.005, * p < 0.0005.  
 

In summary, whilst robust cytokine responses were universally activated in the mitogen and 

superantigen responses investigated in Fig. 42 – 44, a subset of the novel atopy-associated 

signalling genes (DACT1, MAL, DPP4) from the early TH2 cluster remained quiescent, 

were only weakly induced, or in some cases were even downregulated in T cell responses 

driven by potent mitogenic stimuli (PHA, PMA+I, rAPC), but were readily upregulated in 

responses driven by allergens or superantigens. 
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6.3 Silencing gene expression in superantigen-driven primary T cell 

responses via siRNA-mediated RNA interference 

6.3.1 Optimisation of cell handling systems and gene silencing conditions  

In a series of preliminary experiments, PBMC responses to allergens did not survive the 

transfection process (data not shown), therefore an alternative T cell response system was 

sought to investigate the role of the novel genes identified in this study in T cell activation. 

The previous experiments clearly demonstrated that gene expression patterns in T cells are 

strongly influenced by the nature of the activation stimuli, and T cell responses driven by 

bacterial superantigens most closely resembled the allergen responses. Moreover, 

superantigens are similar to peptide antigens because they bind to the TcR with low affinity 

and interact with MHC class II molecules, whereas anti-CD3 mAb binds to the TcR with 

high affinity and does not interact with MHC class II 573, 656, 660. Since superantigens 

activate a large proportion of T cells (5 – 20 %) in a manner which mimics antigen-specific 

activation, they are an ideal compromise model for investigating molecular events in 

antigen-driven T cell responses 656, 661.  

 

To optimise the cell culture conditions post transfection, PBMC were transfected with a 

non-silencing control siRNA purchased from Qiagen (Control-S1), rested in bulk culture 

for 6 h, then counted, resuspended, and cultured in the presence or absence of superantigen 

(see protocol version 1, Chapter 2.3.2). In these conditions, superantigen-driven T cell 

responses were not detectable in AIM-V serum-free media, even in the presence of IL-2 

(data not shown). However addition of 10% serum (either autologous serum, AB serum, or 

fetal calf serum) to the cultures restored T cell responses in either AIM-V or RPMI 

medium. Addition of IL-2 to serum supplemented cultures was found to increase cytokine 

gene expression in background control cultures, and T cell responses were found to be 

more reproducible in RPMI supplemented with fetal calf serum rather than autologous or 

AB serum (data not shown). Therefore all following experiments below were performed in 

RPMI supplemented with 10% fetal calf serum without IL-2.  

 

A series of test silencing experiments were performed to determine the level of knockdown 

that could be achieved in this experimental system. The standard protocol for silencing 

gene expression in primary human T cells from Amaxa recommends adding 1 – 3 μg of 



 

siRNA for up to 5 million cells in each transfection reaction. Therefore 5 million PBMC 

from a healthy adult donor were transfected with 1 μg of Control-S1, or with 1, 2, or 3 μg 

of siRNA which was designed by Qiagen to target the DACT1 mRNA sequence (DACT1-

S1). PBMC were then cultured in the presence or absence of SEB for 18 and 48 h, and gene 

expression was investigated by qRT-PCR. As illustrated in the representative experiment in 

Fig. 45, the data demonstrated that expression of DACT1 was reduced by at least 50% at 

both time points, and varying the amount of DACT1-S1 added to the transfection did not 

substantially alter the efficacy of DACT1 knockdown, thus the lowest concentration (1 μg) 

of siRNA was used in following experiments to avoid saturation of the cellular RNAi 

machinery and to reduce off-target effects 662.  

 

Figure 45: Optimisation of siRNA concentration for silencing DACT1 expression in 
SEB-driven T cell responses 

PBMC from a healthy donor were transfected with 1 μg of a non-silencing control siRNA 
(Control-S1), or 1, 2, or 3 μg of siRNA targeting DACT1 (DACT1-S1). Data presented as 
gene expression level above background.  
 

Additional silencing experiments were then performed in several subjects however the loss-

of-signal (i.e. level of SEB-driven cytokine production) in PBMC responses after 

transfection (with either Control-S1 or DACT1-S1) relative to the signal in untreated 

PBMC was quite variable ranging from two-fold to ten-fold depending on the donor. 

Therefore advice was sought from Tasken and co-workers who have published data 

employing this technology in primary human T cells 663. In the Tasken protocol, cells were 

plated out immediately after transfection rather than resting them first in bulk culture, and 

when this change was implemented to the protocol (see protocol version 2, Chapter 2.3.2) 
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there was virtually no loss-of-signal in transfected cells relative to untreated cells (see 

below). Hence all following experiments were performed with this updated protocol. 

 

6.3.2 Silencing DACT1 expression in superantigen-driven PBMC responses  

PBMC (5 million per transfection) from four healthy adults were transfected with 1 μg of 

Control-S1 or DACT1-S1. After transfection, the cells were immediately resuspended in 

2.5 ml of medium, plated out (at unknown concentrations), rested for six hours (in culture), 

then cultured in the presence or absence of SEB for 18 h and 48 h. At the 18 h time point, 

cell pellets were collected for mRNA analysis by qRT-PCR, whilst at the 48 h time point, 

cell culture supernatants were collected for analysis of cytokine protein secretion by 

TRF/ELISA. Cell counts were performed on a subset of the transfection reactions after 

nucleofection, which indicated that approximately 50 – 60 % of the initial 5 million cells 

were recovered and viable. The remaining cells were presumably lysed by the 

electroporation process because virtually no dead cells were observed during cell counting. 

For purposes of comparison, standard (untreated) PBMC cultures were set up in parallel at 

a concentration of 1 million cells per ml to obtain conventional values for SEB-driven 

cytokine production.  

 

As illustrated in Fig. 46A, expression of DACT1 was significantly silenced in SEB 

responses in PBMC which were transfected with DACT1-S1 relative to PBMC transfected 

with Control-S1, which controls for the entire experimental protocol. It is noteworthy that 

the level of DACT1 silencing was quite variable in this experiment. The percentage 

knockdown of DACT1 in each respective subject relative to Control-S1 was 38 %, 66 %, 

66%, and 85 %, and this variability between subjects was a common finding over a series 

of experiments (data not shown). DACT1 expression levels were also lower in PBMC 

transfected with Control-S1 relative to untreated PBMC, indicating a non-specific silencing 

effect of the experimental protocol on DACT1 expression. This difference can not be 

attributed to differences in cell numbers or viability because normalisation to the 

housekeeping gene EEF1A1 accounts for these factors (shown in Fig 46B).  



 

 

Figure 46: Silencing DACT1 expression in PBMC responses to SEB 
PBMC from four healthy donors were untreated or transfected with siRNA targeting no 
known genes (Control-S1) or DACT1 (DACT1-S1) then cultured in the presence or 
absence of SEB. Expression of (A) DACT1 above background in SEB-stimulated cells, and 
(B) EEF1A1 levels in cells at baseline was measured by qRT-PCR at the 18 h time point. 
Expression of (C) IL-5, IL-13 and IFN-γ in SEB-stimulated cells above background was 
measured by TRF/ELISA after 48 h of SEB stimulation. Statistical analysis by paired T-test 
on log transformed data. Symbols; * p < 0.05, ** p < 0.005, *** p < 0.0005.  
 

Analysis of cytokine protein release after 48 h of SEB stimulation demonstrated that the 

PBMC transfected with DACT-S1 and Control-S1 produced more cytokines than untreated 

PBMC. This was consistent with the higher cell numbers observed in the transfected 

PBMC relative to untreated PBMC (Fig. 46B), but more importantly demonstrates that the 

SEB responses in transfected PBMC are in the same range as responses in untreated 

PBMC. Silencing DACT1 expression had no effect on SEB-driven cytokine protein release 

at 48 h in this experiment (DACT-S1 versus Control-S1 in Fig. 46C), however it is 

noteworthy that the TRF/ELISA results can not be corrected for differences in cell number. 
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6.3.3 Silencing DACT1 and CAMK2D expression in superantigen-driven PBMC 

responses  

In the previous section, expression of DACT1 was silenced in PBMC responses to SEB, 

however the level of DACT1 silencing was quite variable, and some non-specific silencing 

of DACT1 expression levels was observed. Therefore another experiment was set up with 

some modifications to address these issues. Amaxa claims that the transfection efficiency 

can be donor-dependent, therefore six subjects were included in this study. Tasken and co-

workers have found that the longer the cells are held in vitro the worse they perform 

(personal communication), therefore the experiment was set up on two different days (three 

subjects were studied on each day), and blood was drawn in quick succession from each 

subject and PBMC were prepared as quickly as possible to minimise in vitro handling time. 

It is commonly known that some siRNAs are more effective than others for gene silencing 
662, 664, therefore a second siRNA designed by Qiagen was employed to target DACT1 

(DACT1-S2). It is noteworthy that the functionality of the DACT1 siRNAs have not been 

validated by Qiagen, however a functionally validated siRNA reagent targeting CAMK2D 

(CAMK2-S1) which reduces mRNA expression levels of CAMK2D in cell lines by 79% 

was available and purchased from Qiagen. A second non-silencing control siRNA (Control-

S2) was obtained from Ambion to determine if the non-specific silencing effects of the 

experimental protocol on DACT1 expression observed previously were due to a unique 

property of the Control-S1 siRNA from Qiagen, or a more general effect of the 

experimental system.  

 

PBMC from six subjects were untreated or transfected with siRNA targeting no known 

genes (Control-S1, Control-S2), DACT1 (DACT1-S1, DACT1-S2) or CAMK2D 

(CAMK2-S1). After transfection, the cells were resuspended in 3 ml of medium and plated 

out (at unknown concentrations), rested for 6 h in culture, then stimulated with or without 

SEB for 18 h, 36 h and 60 h. At the 18 h time point, cell pellets were collected for mRNA 

analysis by qRT-PCR. At the 36 h and 60 h time points, an aliquot of the cell culture 

supernatant was collected for cytokine protein analysis, and the cells were then pulsed with 

tritiated thymidine, put back in culture, then harvested 6 h later to assess proliferation. To 

illustrate the efficacy and consistency of gene silencing in this experiment, qRT-PCR data 

is presented for DACT1 and CAMK2D in Tables 13 and 14 respectively.  
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Table 13: DACT1-S2 is a more potent silencer of DACT1 than DACT1-S1  
Data presented as DACT1 expression level above background in SEB-stimulated PBMC 
after transfection with control siRNAs or siRNA targeting DACT1. %KD refers to the 
percentage knockdown of DACT1 relative to the average expression level in Control-S1 
and Control-S2 transfected PBMC.  

Subject Control-S1 Control-S2 DACT1-S1 DACT1-S2 

 Expression Expression Expression %KO Expression %KD 

1 27.4 23.5 10.3 59.6 5.5 78.2 

2 12.3 15.7 5.5 60.8 2.5 82.3 

3 33.5 24.6 10.6 63.7 6.9 76.3 

4 16.6 15.7 6.2 61.7 2.9 82.1 

5 17.4 18.8 3.5 80.8 7.7 57.4 

6 12.3 16.2 5.8 59.5 3.3 76.8 

 

Table 14: Efficacy and consistency of CAMK2D silencing in SEB-stimulated PBMC 
Data presented as CAMK2D expression level above background in SEB-stimulated PBMC 
after transfection with control siRNAs or siRNA targeting CAMK2D. %KD refers to the 
percentage knockdown of CAMK2D relative to the average expression level in Control-S1 
and Control-S2 transfected PBMC.  

Subject Control-S1 Control-S2 CAMK2-S1 

 Expression Expression Expression %KD 

1 60.3 58.0 12.7 78.5 

2 31.4 38.1 10.3 70.4 

3 51.0 45.3 11.6 76.0 

4 50.0 43.2 17.3 62.9 

5 37.2 34.9 15.7 56.4 

6 30.2 65.6 8.7 81.9 

 

Gene expression levels of DACT1 and CAMK2D in PBMC transfected with Control-S1 or 

Control-S2 were generally very consistent, demonstrating the reproducibility of the 

experiment. Moreover, when excluding subject 5 from the analysis, the level of DACT1 

silencing was 61% on average for DACT-S1, and 79% on average for DACT-S2 (Table 

13), which was relatively consistent between subjects. The level of CAMK2D silencing 

was 74% on average were excluding subject 5 from the analysis (Table 14). It is 

noteworthy that silencing DACT1 expression had no effect on CAMK2D expression and 
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vice versa, however DACT1 but not CAMK2D expression levels were lower in transfected 

PBMC relative to untreated controls (data not shown).  

 

The effect of CAMK2D and DACT1-knockdown on cytokine gene transcription at the 18 h 

time point is illustrated below in Fig. 47. It is noteworthy that IL-5 and IL-9 cytokine levels 

were significantly elevated in PBMC transfected with Control-S1 relative to PBMC 

transfected with Control-S2, possibly indicating a non-specific silencing effect of Control-

S2 on cytokine gene expression. Moreover, cytokine expression levels were higher in 

transfected PBMC relative to untreated PBMC, suggesting a potential stimulatory effect of 

the experimental system on immune functions. These data demonstrated that PBMC 

lacking CAMK2D displayed comparable levels of TH2 cytokine gene (IL-4, IL-5, IL-9, IL-

13) transcription relative to the mock-silencing controls (Control-S1, Control-S2). DACT1 

knockdown did not consistently modulate expression levels of IL-4, IL-5, or IL-9 when 

considering the expression levels of these cytokines in both mock silencing controls 

(Control-S1, Control-S2). Intriguingly, IL-13 expression levels were significantly lower in 

PBMC transfected with DACT1-S1 relative to both non-silencing control transfections, 

although the effect was modest. In contrast, IL-13 expression levels in PBMC transfected 

with DACT1-S2 were only significantly reduced relative to expression levels in Control-S2 

but not in Control-S1 transfections (p = 0.0993). These data are counterintuitive because 

DACT1-S2 was more effective than DACT1-S1 in silencing DACT1 expression, hence if 

DACT1 influences IL-13 synthesis a greater effect would be predicted to occur in PBMC 

treated with the more effective DACT1-S2 siRNA. However it cannot be ruled out that the 

function of DACT1 may be highly sensitive to the expression level. The effect of 

CAMK2D and DACT1-knockdown on proliferation at the 42 h and 66 h time points, and 

on cytokine protein secretion at the later time point are illustrated below in Fig. 48. These 

data demonstrated that there were no consistent effects of DACT1 and CAMK2D 

knockdown on cellular proliferation. With respect to cytokine production, IL-13 protein 

secretion levels were significantly reduced in CAMK2D silenced PBMC relative to the 

mock Control-S2 but not the Control-S1. IL-13 secretion levels were also lower in PBMC 

transfected with DACT1-S1 but not DACT1-S2, consistent with the previous results 

obtained in Fig. 47, however because IL-13 levels were also modulated in the control 

transfections (Control-S1 versus Control-S2), these differeneces in IL-13 levels are likely to 

be due to non-specific effects or variability of the experimental system. Protein expression 



 

levels of the remaining cytokines (IL-5, IFN-γ, TNF-α) were not significantly modulated 

by silencing DACT1 or CAMK2D expression.  

 

Figure 47: Effect of silencing DACT1 and CAMK2D expression on cytokine gene 
transcription in superantigen-driven PBMC responses  
PBMC from five healthy donors were untreated or transfected with siRNA targeting no 
known genes (Control-S1, Control-S2), DACT1 (DACT1-S1, DACT1-S2), or CAMK2D 
(CAMK2), followed by culture for 18 h in the presence or absence of SEB. Expression of 
cytokines above background was measured by qRT-PCR. EEF1A1 was measured at the 18 
h time point in cells at baseline. Statistical analysis by paired T-test on log transformed 
data. All pairwise comparisons were performed except untreated PBMC were only 
compared with Control-S1 and S2. Symbols; * p < 0.05, ** p < 0.005. 
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Figure 48: Effect of silencing DACT1 and CAMK2D expression on cytokine protein 
secretion and proliferation in superantigen-stimulated PBMC 
PBMC from five healthy donors were untreated or transfected with siRNA targeting no 
known genes (Control-S1, Control-S2), DACT1 (DACT1-S1, DACT1-S2), or CAMK2D 
(CAMK2), followed by culture for 42 h or 66 h in the presence or absence of SEB. 
Cytokine protein secretion above background was measured by TRF/ELISA at the 66 h 
time point. Statistical analysis by paired T-test on log transformed data. Symbols; * p < 
0.05, ** p < 0.005. 
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6.3.4 Microarray profiling of SEB-driven PBMC responses after silencing DACT1 

and CAMK2D expression   

In the previous section, silencing DACT1 and CAMK2D expression in PBMC responses 

driven by bacterial superantigens did not have any profound effects on classical readouts of 

T cell function including proliferation and cytokine production. Therefore microarray 

profiling was employed to investigate genome-wide transcriptional consequences of 

DACT1 and CAMK2D deficiency. RNA samples were obtained from the previous 

experiment performed in Chapter 6.3.3, comprising SEB-stimulated PBMC transfected 

with Control-S1, Control-S2, DACT-S2, and CAMK2-S1. The RNA samples were pooled 

into a single group of five subjects for each treatment, then labelled and hybridised to 

Affymetrix U133 plus 2.0 series microarrays. Gene expression was initially compared 

between SEB-stimulated PBMC transfected with Control-S1 and Control-S2 to determine 

if there were any non-specific silencing effects on either siRNA in this experimental 

setting. Seven probe sets were differentially expressed by more than two-fold between 

Control-S1 and S2, and the signal intensities across all the microarrays in the experiment 

are presented in Table 15.  

 

Table 15: Differentially expressed transcripts between SEB-stimulated PBMC 
transfected with a non-silencing control siRNA from Qiagen (S1) or Ambion (S2) 
Data presented as microarray signal intensity in SEB-stimulated PBMC transfected with the 
respective siRNA duplexes (Control-S1, Control-S2, DACT1-S2, CAMK2-S2). 
Probe ID Gene Control-S1 Control-S2 DACT1-S2 CAMK2-S1 

201909_at RPS4Y1 1906 835 1944 1912 

204409_s_at EIF1AY 164 60 168 164 

204410_at EIF1AY 41 18 47 40 

205000_at DDX3Y 142 46 146 155 

206700_s_at SMCY 49 24 57 54 

214131_at CYorf15B 43 21 43 42 

223646_s_at CYorf15B 35 16 31 27 

 

As illustrated in the table, the control non-silencing siRNA from Ambion (Control-S2) 

consistently had the lowest and most outlying signal for all seven probe sets and was thus 

the “odd” chip out in the experiment. These data together with the qRT-PCR data in Fig. 47 



 

which demonstrated a significant decrease of IL-5 and IL-9 in PBMC transfected with 

Control-S2 relative to Control-S1 suggested that Control-S2 was inducing non-specific 

silencing effects, thus Control-S2 was excluded from further analyses.  

 

Gene expression profiling of SEB-driven responses in DACT1-silenced PBMC (versus 

responses in PBMC transfected with Control-S1) in Fig. 49 demonstrated a striking 

knockdown of DACT1 expression, confirming the efficiency of the knockdown 

methodology. No other genes were modulated by more than two-fold in this experiment, 

therefore the top 25 differentially expressed probe sets were arbitrarily selected for further 

analysis. The majority of these probe sets encoded predicted or hypothetical genes, and the 

remaining genes which had official annotations are named in Fig 49.  
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Figure 49: Microarray profiling of SEB responses in DACT1-silenced PBMC 

PBMC from five subjects were transfected with siRNA silencing DACT1 or a non-
silencing control then stimulated with SEB for 18 h. The RNA was extracted and pooled 
then analysed on U133 plus 2.0 microarrays. Dashed and solid horizontal lines indicate a 
fold change of 1.5 and 2 respectively. 
 

These genes had various functions as follows; MARCH proteins are thought to be involved 

in the ubiquitin-proteasome pathway (a pathway which flags proteins with ubiquitin for 

proteolytic degradation); NMT2 catalyses the N-myristoylation (an acylation process 

specific to the N-terminal amino acid glycine) of many signalling proteins; FKBP7 binds to 

the immunosuppressive drug FK506 and acts as a molecular chaperone (assists the correct 

folding of other proteins); SLC39A10 transports zinc ions; CDKN2B forms a complex with 

the cell cycle regulators CDK4 and CDK6 and prevents their activation, it is noteworthy 
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that CDK6 was not in the top 25 genes in this experiment however because it was detected 

in the late TH2 cluster in Chapter 4 it has been labelled on the plot; ITPR2 is a receptor for 

inositol 1,4,5-trisphosphate (IP3) - a second messenger that releases intracellular calcium 

during TcR signalling (see Fig. 3, Chapter 1); SRD5A2L has no known functions. PAWR 

(also known as PAR-4) promotes apoptosis 665, however it is noteworthy that the target 

sequence of this particular Affymetrix probe set for PAWR does not overlap the consensus 

PAWR sequences deposited in RefSeq, instead targeting a variant of PAWR annotated in 

the ACEVIEW database (complete overlap with PAWR shed2 variant, partial overlap with 

PAWR variant e, see Appendix Four).  

 

Gene expression profiling of SEB-driven responses in CAMK2D-silenced PBMC (versus 

responses in PBMC transfected with Control-S1) in Fig. 50 demonstrated a striking 

knockdown of CAMK2D expression, once again confirming the fidelity of the 

experimental approach.  
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Figure 50: Microarray profiling of SEB responses in CAMK2D-silenced PBMC 
PBMC from five subjects were transfected with siRNA silencing CAMK2D or a non-
silencing control then stimulated with SEB for 18 h. The RNA was extracted and pooled 
then analysed on U133 plus 2.0 microarrays. Dashed and solid horizontal lines indicate a 
fold change of 1.5 and 2 respectively.  
 

Knockdown of CAMK2D in the SEB responses did not modulate any other genes by more 

than two-fold, however several outlying genes of interest were identified and their 

functions are as follows; WASL associates with the Rho-family GTP binding protein 
 164



 

 165

CDC42 which regulates formation of the actin cytoskeleton (see Fig. 3, Chapter 1); AKAP7 

and AKAP13 targets protein kinase A to the plasma membrane, AKAP13 can additionally 

activate signalling of the Rho/Rac family of GTP binding proteins; PSMB2 is a subunit of 

the proteasome (ubiquitin-proteasome pathway); HNRPH1 is involved in mRNA 

processing; DEFB4 is a defensin which has antibacterial activity; SOX18 encodes a 

transcription factor important in development and cell fate decisions; RPS6KA3 also 

known as ribosomal S6 kinase (RSK) activates CREB-dependent transcription 666, and it is 

noteworthy that CAMK2D also regulates CREB activity 635; SCT or secretin is a hormone 

produced mainly in the small intestine, however it has also been detected in T cells 667; 

ATXN1, LARP4, JMJD2C and FCHSD2 have no known functions. 

 

6.4 Silencing gene expression in allergen-driven primary T cell responses 

via siRNA-mediated RNA interference 

Superantigen-driven responses were chosen as a model system to investigate the role of 

DACT1 and CAMK2D in T cell activation because gene expression patterns in these 

responses were more similar to the allergen responses compared to the other T cell 

activation stimuli investigated in this study. However, the ratio of DACT1-to-cytokine 

expression was much higher in the allergen responses compared to the superantigen 

responses (e.g. Fig. 43), suggesting that DACT1 may play a more prominent role in the 

allergen responses. Therefore an additional experiment was performed to determine if 

DACT1 expression could be silenced in the context of an allergen-driven response. PBMC 

from 10 lab volunteers were initially cultured in medium alone or that containing HDM for 

48 h as a preliminary screen to identify subjects producing large quantites of TH2 cytokines. 

PBMC from four of these subjects were freshly prepared and untreated, or transfected with 

siRNA targeting no known genes (Control-S1), or DACT1 (DACT1-S2), then cultured in 

the presence or absence of HDM extract for 18 h. Analysis of gene expression by qRT-PCR 

revealed that while all of the subjects upregulated DACT1 in untreated PBMC, only one of 

the four subjects had a reliable signal for DACT1 after transfection of PBMC with either 

Control-S1 or DACT1-S2,  (data not shown). Thus silencing gene expression in the context 

of short-term allergen-driven T cell responses was not feasible in this study.  

 



 

 166

6.5 Discussion 

A wealth of earlier microarray studies have profiled gene expression patterns in mitogen-

stimulated T cells from atopic subjects and in TH2 cell lines 461, 511-515, 517-524, 564, however 

the novel atopy-associated genes reported in this thesis have escaped detection in these 

previous studies. It is likely that the use of allergen extracts in the current study rather than 

the artificial mitogenic activation stimuli employed in the previous studies can account for 

these differences. Initial indications that the novel atopy-associated genes identified in this 

study do not participate in T cell responses driven by potent mitogens were apparent in 

Chapter 3, where upregulation of DACT1 and MAL expression levels were detected in 

allergen-driven CD69 selected cells but not in allergen-driven CFSE-selected cells after 

brief reactivation with the potent mitogen PMA/ionomycin. These observations were 

extended in Fig. 42 – 44 by qRT-PCR analysis of gene expression patterns in PBMC 

responses driven by a panel of T cell mitogens. The most striking finding was the lack of 

upregulation of DACT1, MAL, and DPP4 expression in responses driven by the potent 

mitogens PHA or PMA/ionomycin, while these genes were readily upregulated in 

responses driven by allergens, superantigens, and anti-CD3 mAb. Moreover, expression 

levels of RAB27B and PLXDC1 were downregulated by PHA and soluble anti-CD3 

stimulation, and upregulated or maintained in allergen and superantigen responses (Fig. 

43). Although there were some qualitative similarities in the allergen, superantigen, and 

anti-CD3 driven responses, the expression levels of the novel atopy-associated genes (eg. 

DACT1, MAL, DPP4) were much more prominent (relative to cytokine expression levels) 

in the allergen responses than the superantigen or anti-CD3 responses (Fig. 42 – 44), which 

may explain why they escaped detection in previous studies 461, 511-515, 517-524, 564.  

 

The T cell activation stimuli employed in Fig. 42 – 44 utilise different pathways to activate 

T cells. Conventional antigens such as allergens are taken up by accessory cells, processed, 

complexed with MHC class II moleules (for CD4 T cells), then transported to the cell 

surface where they interact with T cells by binding to the variable regions of the TcR α 

(Vα, Jα) and β (Vβ, Dβ, Jβ) chains 656. Finally, intracellular signalling pathways are 

activated inside the T cell by the signalling chains of the TcR complex CD3 (δ, ε, γ) and 

TcRζ 668. Superantigens are not processed by assessory cells, instead they are thought to 

form ternary complexes with conventional peptide-MHC-TcR/CD3 complexes, and they 
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only activate T cells which express a particular set of Vβ genes with little or no 

contribution of the other variable regions of the TcR 656. The OKT3 anti-CD3 mAb binds to 

a conformational epitope of CD3ε 669, and thus activates T cells via CD3 pathways. PHA 

activates T cells via the CD3 pathway 670 and an antigen-independent CD2 pathway which 

is known as the alternative pathway 670, 671, and finally PMA (a DAG analogue) and 

ionomycin (a calcium ionophore or substance which transports calcium ions across the cell 

membrane) bypass the TcR complex and activate intracellular signalling pathways 

mediated by the second messengers DAG and calcium (see Fig. 3, Chapter 1) 672. It is 

noteworthy that additional costimulatory signals derived from accessory cells in a soluble 

form (eg. IL-1β, IL-6, TNFα) or by cell-cell contact dependent ligation of T cell surface 

antigens (eg. CD2, CD4, CD5, CD6, CD28, CD45) can also modulate T cell activation and 

function 581, 673.  

 

Upregulation of DACT, MAL and DPP4 by accessory cell-dependent soluble anti-CD3 and 

accessory cell-independent anti-CD3 immobilised to the tissue culture plate suggested that 

accessory cell-related factors were not responsible for the lack of participation of the novel 

genes in the PHA and PMA/ionomycin responses. However, MAL and DPP4 were not 

upregulated in responses driven by a potent combination of antibodies (anti-CD2, anti-

CD3, anti-CD28) immobilised on microspheres, and DACT1 was only weakly upregulated 

in these responses. These data suggest that strong T cell costimulation via CD2 pathways in 

the PHA responses and CD2 and/or CD28 pathways in the microsphere responses raises the 

potency of TcR signalling above a threshold which no longer involves or requires the 

participation of the novel genes. In this context it is noteworthy that potent stimulation of 

naïve T cells with a strong agonist peptide induces a sustained activation of proximal TcR 

signalling events (eg. phosphorylation of signalling molecules and mobilisation of 

intracellular calcium) and drives TH1 differentiation and signalling pathways, whereas low 

potency stimulation of naïve T cells with very low doses of a strong agonist peptide or with 

low affinity ligands induces a transient pattern of proximal TcR signalling events and 

drives TH2 differentiation and signalling pathways 641. Moreover, stimulation of T cells 

with low affinity TH2-inducing ligands in the presence of ionomycin, which induces a 

strong and sustained pattern of calcium mobilisation in T cells, augments TH1 signalling 

and differentiation pathways and diminishes TH2 pathways 641. Proximal TcR signalling 
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events are also diminished in fully differentiated TH2 cells relative to TH1 cells 225, 674, thus 

low potency TcR signalling is a general feature of TH2 differentiaion and effector function.  

 

Downregulation of RAB27B and PLXDC1 by anti-CD3 mAb but not allergens or 

superantigens may be explained by the relative affinity of the respective ligands for the 

TcR, and the way in which these ligands activate T cells. Peptide-MHC complexes and 

superantigens bind to the TcR with low affinity, and the interaction between the TcR and 

these ligands has a very short half life. Lanzavecchia and co-workers have shown that 

under these conditions, T cell activation requires prolonged contact between the T cell and 

accessory cell (which is especially true for TH2 cells 675), in which time a small number of 

peptide-MHC complexes serially engage and trigger a large number of TcR molecules, 

sustaining TcR signalling and allowing transcription of cytokine genes 573. In contrast, anti-

CD3 mAb bind to the TcR with high affinity and can not rapidly dissociate, preventing 

serial TcR triggering resulting in non-physiological activation 573.  

 

The intricate series of physical and biochemical events which occur during T cell activation 

and effector functions are intriguing and potentially shed light on the role of the novel 

genes in T cell responses. Within minutes of cognate (antigen-specific) T cell-APC 

interaction, T cells reorganise their actin cytoskeleton and polarise towards the APC 

forming a stable interface or contact zone known as the “immunological synapse” 648. Cell 

surface receptors and signalling molecules involved in cell-cell adhesion and TcR 

signalling are recruited to the contact zone within specialised cholesterol and sphingolipid 

enriched domains known as lipid rafts, which serve as compartmentalised platforms for 

spatial organisation and assembly of signalling complexes 676. Upregulation of cytokine 

genes is evident within hours (3 – 4 h) of antigen-driven T cell activation, however 

interactions between T helper cells and accessory cells are long-lived and can last for at 

least 10 – 24 h 677. During these prolonged contacts between T helper cells and accessory 

cells, TcR signalling events are maintained for up to 10 h, and early disruption of these cell-

cell interactions diminishes cytokine production and proliferation 677. In addition to 

recruitment of signalling molecules to the synapse, there is also movement of molecules 

inhibitory to TcR signalling away from the synapse to a distal region/pole in the T cell, a 

process which is thought to lower the threshold for T cell activation 678. These bi-

directional transport routes are analogous to those involved in lipid raft-mediated transport 
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of proteins destined for the apical as opposed to the basolateral surface in polarised 

epithelial cells 678. MAL is an integral part of the protein trafficking machinery in polarised 

epithelial cells, because depletion of MAL in epithelial cell lines severely compromises 

lipid raft-dependent protein transport routes 679. Thus by inference, MAL may also be 

important in raft-dependent recruitment of signalling molecules to the immunological 

synapse. Kinetic analysis of HDM responses in PBMC (Fig. 15, Chapter 4) revealed that 

MAL and DPP4 were co-expressed, and analysis of gene expression patterns in the 

mitogen-driven responses in Fig. 42 – 44 further substantiate the strong relationship 

between the expression pattern of these two genes. Since MAL transports DPP4 in 

polarised epithelial cell lines 612, and DPP4 resides in lipid raft domains in T cells and 

provides a co-stimulatory signal augmenting T cell activation 614, a plausible possibility is 

that MAL directs recruitment of DPP4 to the immunological synapse, lowering the 

threshold for T cell activation. The co-stimulatory requirements or activation threshold of 

antigen-specific T memory populations is highly heterogeneous 595, and if MAL and DPP4 

are involved in lowering thresholds of T cell activation, this may explain why transcription 

of most cytokines peaked later (48 h) than the expression of MAL and DPP4 as well as 

other signalling genes from the early TH2 cluster.    

 

To investigate the role of the novel atopy-associated genes in T cell activation, 

methodology was established to silence gene expression in superantigen-driven PBMC 

responses by siRNA-mediated RNA interference. It is noteworthy that whilst siRNA-

mediated gene silencing only achieves a transient and incomplete knockout of gene 

expression, the standard approach involving generation of knockout mice is much more 

time consuming and expensive, and was therefore not a practical alternative for 

investigating the function of the numerous novel genes identified in this thesis.  

 

The level of DACT1 and CAMK2D mRNA silencing (75 – 80 %) achieved in primary 

PBMC responses to superantigens in this study is equivalent to the levels of mRNA 

knockdown reported in cell lines, which are much easier to work with 662. Some known 

problems associated with siRNA technology were encountered in this study. It has been 

reported that siRNAs can have non-specific off-target effects 662, 680, and in this study gene 

expression profiling of superantigen-driven responses in PBMC transfected with non-

silencing control siRNAs from two different manufacturers demonstrated that even the 
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control siRNAs can have non-specific effects on gene expression, although only seven out 

of the 54 675 probe sets fabricated on the U133 plus 2.0 microarrays were modulated by 

two-fold. Qiagen has recently released a control siRNA which has been subjected to a 

battery of functional tests to confirm that it does not induce any non-specific effects on 

cellular gene expression or function. This reagent was not available at the time of the study 

but can be employed in future experiments. It is noteworthy that off-target effects were 

only investigated at the mRNA level in this study, and it is also possible that siRNAs may 

non-specifically silence gene expression at the protein level by acting as miRNAs, which 

silence gene expression by inhibiting translation rather than degrading target mRNAs 680. 

Therefore to confirm any data obtained in siRNA based experiments, each target gene of 

interest must be targeted by at least two independent siRNA reagents, and consistent results 

need to obtained in both cases 680.  

 

Silencing DACT1 and CAMK2D expression in superantigen-driven PBMC responses did 

not consistently modulate cytokine gene transcription or proliferation. Whilst it is possible 

that silencing expression of these genes in an allergen-driven response may have a more 

profound effect on T cell function, these experiments were attempted but not successful. 

Another possibility is that DACT1 and CAMK2D may be involved in regulating some 

other aspect of memory T cell function such as migratory or survival properties. For 

instance, transgenic overexpression of a constitutively active mutant isoform of CAMK2G 

(a close relative of CAMK2D) in T cells did not modulate cytokine production, but 

increased the formation and maintenance of high numbers of antigen-dependent T memory 

cells, although some effects on T cell proliferation were also documented in this study 632. 

DACT1 may also play a role in maintenance of T memory cells because DACT1 regulates 

the Wnt/β-catenin signalling pathway 603, which in addition to influencing cell fate and 

survival 604 has also been implicated in T cell anergy 681. Therefore to investigate these 

possibilities further, microarray profiling was employed to elucidate the transcriptional 

consequences of silencing DACT1 and CAMK2D expression in superantigen-driven T cell 

responses. These experiments were somewhat disappointing because the data showed that 

DACT1 and CAMK2D were the only genes that were modulated by more than two-fold. 

The lack of marked transcriptional consequences in DACT1 and CAMK2D-silenced cells 

was surprising, because the Wnt/β-catenin signalling pathway can regulate well over 100 
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genes in cell lines 682, and calmodulin kinases are known to regulate the activity of a large 

number of transcription factors and co-activators including CREB, CREB-binding protein, 

C/EBPβ, serum response factor, and AP-1 634, 635. Therefore these experiments should be 

followed up on purified T cells to increase the signal-to-noise ratio, and possibly also at 

different time points. Another experimental approach which utilises the Amaxa 

nucleofector technology and has been successfully employed to investigate gene function in 

primary rodent T cells is based on the introduction of transgenes into T cells 655. Thus it 

should be also possible to investigate the role of the novel genes including DACT1 and 

CAMK2D by overexpressing them in primary T cell responses driven by superantigens or 

other stimuli, which will be attempted in future studies.    

 

Notwithstanding the lack of marked gene expression changes following silencing of 

DACT1 and CAMK2D in superantigen-driven T cell responses, there were some really 

interesting genes which fell just shy of the two-fold cut-off. DACT1 knockdown in 

superantigen-driven PBMC responses boosted levels of the proapoptotic gene PAWR, 

suggesting that DACT1 may negatively regulate expression of PAWR. These data are very 

preliminary in nature and require qRT-PCR validation in this experiment and in additional 

experiments which are performed on purified T cells, however they highlight a potential 

mechanism by which DACT1 could promote TH2 responses, because T cells from PAWR 

knockout mice have defects in activation of the JNK signalling pathway, which 

subsequently results in augmented IL-4 expression and TH2 differentiation 665. Recall that 

DACT1 inhibits activation of the JNK signalling pathway in human cell lines 603. Apoptosis 

is also reduced in T cells from PAWR-null mice, suggesting that DACT1 could enhance 

T cell survival by suppressing PAWR expression 665. Silencing CAMK2D expression in 

superantigen-driven PBMC responses reduced expression levels of WASL (also known as 

N-WASP) and ATXN1, however these data also require qRT-PCR validation. N-WASP 

binds to CDC42 and activates Arp2/3 complexes, which initiate actin polymerisation 

(formation of branched networks of actin filaments) 683. Thus CAMK2D could be an 

important regulator of the cytoskeleton in T cells. Intriguingly, ATXN1 interacts with the 

transcription factor GFI-1 684, which was identified in the late TH2-associated cluster in 

Chapter 4 (Fig. 15), and is known to promote expansion of TH2 cells 239. 
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In summary, analysis of gene expression patterns in T cell responses driven by a panel of 

alternative mitogens demonstrated that a subset of the novel atopy-associated genes 

identified in Chapters 3 and 4 do not participate in T cell responses driven by potent 

mitogens, accounting for their failure to be detected in previous studies. In loss-of-function 

experiments, knockdown of DACT1 and CAMK2D expression in superantigen-driven 

T cell responses did not modulate cytokine gene expression or proliferation, however 

microarray profiling identified putative downstream transcriptional targets of each gene 

which merit qRT-PCR validation in followup studies. Moreover, the optimised gene-

silencing methodology developed in this study can be employed to investigate the function 

of the other novel genes identified in this thesis in T cell activation.  
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7. Chapter Seven: General Discussion 
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The prevalence of atopic diseases has increased dramatically over the past two decades 

affecting one in four children in Australia 4, 14. While there is general acceptance that 

allergic disease is mediated to a large extent by allergen-driven hyperexpression of TH2 

cytokines at challenge sites, the full spectrum of genes which participate in this 

inflammatory cascade await identification. The aim of this study was to systematically 

survey changes in the gene expression landscape following the activation of allergen-

specific T memory cells from human atopics.  

 

In contrast to previous microarray studies which have focused on mitogen driven T cell 

lines and clones 461, 511-515, 517-524, 564, the current study employed more physiological 

methodologies and reports for the first time the findings of microarray analysis of allergen-

driven gene expression patterns in circulating T memory cells harvested from the peripheral 

blood of human atopics. While allergen-driven T cell activation is likely to be controlled by 

local tissue microenvironmental factors in the airway mucosa 332, it was reasoned that 

significant elements of the potential gene expression program can be accurately revealed by 

low intensity in vitro stimulation of recirculating T cells.  

 

Despite the low frequency of T cells which respond to allergens in the peripheral blood 83, 

563, the experimental protocols and data analysis strategies developed in Chapter 3 and 

implemented throughout this study were able to consistently detect plausible allergen-

specific gene expression signals in highly purified CD4 and CD8 T cells, as well as in 

unfractionated PBMC. These data demonstrate the general validity of microarray-based 

expression profiling in this experimental setting, and the emergence of the next generation 

of microarray platforms with improved sensitivity will further advance the complete 

characterisation of genes and pathways which drive allergic inflammation 390. The cost of 

microarray technology is also rapidly declining, making it more feasible in future studies to 

profile gene expression patterns in individual subjects rather than using a pooling approach 

which was adopted for the majority of the experiments in this study. Microarray profiling 

of individual T cell responses to allergens in large panels of subjects employing the 

methodologies developed in this study will further characterise the full complexity of 

genome-wide response patterns to allergen stimulation, identifying novel therapeutic targets 

and diagnostic markers.  

 



 

 175

Microarray profiling of kinetic reponses to allergens in PBMC from atopics and nonatopic 

controls over a 12 – 48 h period (Fig. 14, 15) identified two distinct phases of gene 

expression which were significantly elevated in the response profiles of the atopics. The 

first phase comprised several TH2 memory-associated  (IL-4, IL-4R) and novel genes 

(DACT1, DPP4, GNG8, MAL, NDFIP2, NSMCE1, RAB27B) involved in signalling, 

followed by a later wave of genes comprising the classical TH2 memory-associated  

effector cytokines (IL-5, IL-9, IL-13), and some additional regulatory genes (CISH, IL-

17RB). Analysis of gene expression patterns in T cell subsets purified from allergen-

stimulated PBMC established that the gene expression signals detected in PBMC originated 

from CD4 and CD8 T cells, although gene expression was generally of a higher intensity 

and more consistent in the CD4 compartment. One exception was GNG8, which was 

hyperexpressed in atopic CD8 T cells and not in CD4 T cells, thus GNG8 signalling may 

regulate CD8 T cell specific aspects of atopy pathogenesis. Several additional novel atopy-

associated genes involved in signalling (CAMK2D, PECAM1, PLXDC1, SYTL3) and 

immune effector function (GZMB, LIF) were also identified and validated in purified 

T cells. Whilst the association of the novel genes mentioned above with atopic responses 

was confirmed in multiple independent panels of atopic subjects and nonatopic controls, the 

ultimate validation test would involve demonstrating upregulation of the novel genes in 

airway tissue biopsies or in T cells isolated via bronchoalveolar lavage after allergen 

challenge in vivo. Expression of GZMB in asthma has been investigated by Bratke and co-

workers, who reported that CD3+, CD8+, and CD16/56+ cells containing GZMB are 

increased in bronchoalveolar lavage fluid obtained from atopics with asthma after allergen 

challenge in vivo 600. In the current study, expression of GZMB was higher in the CD4 

rather than the CD8 T cell compartment in atopics (Fig. 31), and although Bratke and co-

workers did not stain for CD4 T cells in their study, the number of CD8 T cells containing 

GZMB only accounted for about half of the CD3 T cells containing GZMB, suggesting that 

numbers of GZMB+ CD4 T cells were also increased after allergen challenge. Bratke and 

co-workers also demonstrated that extracellular GZMB was released in the bronchoalveolar 

lavage fluid, and since the major serine protease inhibitors of the lung do not block GZMB 

activity 685, allergen-driven release of this protease is likely to contribute to certain aspects 

of asthma pathogenesis such as remodelling of the extracellular matrix 626. It is also 

noteworthy that DPP4 is a serine protease and like GZMB can also degrade components of 

the extracellular matrix 686. Hyperexpression of LIF in atopic T cells may directly 
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contribute to the pathogenesis of asthma because LIF enhances contractile responses in the 

airways 687.  

 

There is much debate about the mechanisms underlying tolerance to allergen exposure in 

nonatopics. Robinson and co-workers have reported that the function of FOXP3 expressing 

TREG is defective in allergen-driven PBMC responses in pollen-allergics 371. However in 

this study, house dust mite allergen-driven expression levels of the TREG–specific marker 

FOXP3 which are known to correlate with the suppressive function of TREG 345-347 were 

unexpectedly higher in the atopic responses (Fig. 32). On the other hand, Akdis and co-

workers have reported that allergen-driven T memory responses in nonatopic subjects are 

dominated by IL-10 secreting TREG, accounting for tolerance in these subjects 368. However, 

allergen-driven expression levels of the immunoregulatory cytokine IL-10 in atopic and 

nonatopic subjects did not differ in this study (Fig. 12). It is noteworthy that although 

T helper cells can be classified into discrete subsets with distinct functions (TH1, TH2, 

TH17, FOXP3+ TREG, IL-10 secreting TREG), microarray profiling has revealed a striking 

overlap in gene expression patterns in T cells with regulatory and effector functions, 

suggesting that activated T cells may have some regulatory activities, and that the absence 

of effector functions in TREG may be due to incomplete differentiaion of TREG into TH1 and 

TH2 effectors 688. Thus the high expression levels of FOXP3 detected in allergen-driven 

atopic CD4 T cells in this study suggests that these T cells may harbour some regulatory 

activities, which merits further investigation.  

 

An alternative explanation for the mechanisms of tolerance in nonatopic subjects was 

recently suggested by Umetsu and co-workers, who identified an immunodominent T cell 

epitope/peptide of rye-grass allergen, and reported that epitope-specific CD4 T cells were 

detectable in atopic subjects but not in nonatopic controls 563. The protocol employed in the 

study by Umetsu and co-workers required two rounds of peptide stimulation and a total of 9 

days of culture to detect epitope-specific CD4 T cells 563, thus the sensitivity of this 

experimental system is orders of magnitude lower than the methodologies employed in the 

current study. It is noteworthy that cytokine responses to whole allergen extracts can be 

difficult to detect in some subjects irrespective of atopic status, thus detection of immune 

responses to individual peptides would be even more challenging. Despite the absence of 

detectable epitope-specific CD4 T cells in nonatopic subjects, Umetsu and co-workers did 
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detect high levels of IFN-γ production in one of the six nonatopic subjects investigated in 

the study, demonstrating that even in this in vitro model peptide-driven IFN-γ responses are 

at least occasionally detectable in nonatopic subjects 563.  

 

The only reliable marker of allergen responses in nonatopic subjects is production of low 

levels of the TH1 effector IFN-γ 85. However, these low intensity “modified TH1-like” are 

currently thought to reflect a form of tolerance rather than a bona fide TH1 immune 

responses88. To characterise the nature of these modified TH1 responses in nonatopics, gene 

expression profiles in purified allergen-driven CD4 T cells from these subjects were 

compared with classical TH1-skewed CD4 T cell responses driven by the bacterial stimulus 

Tuberculin (PPD). The data indicated that whilst there was a broad qualitative overlap in 

the respective responses (Fig. 33), a small subset of proinflammatory genes (IFN-γ, CCL-8) 

were expressed on a log fold higher scale in the Tuberculin responses (Fig. 33, 34), 

suggesting a selective attenuation of these genes in the nonatopic responses, and offering a 

simple explanation as to the lack of DTH reactivity in these subjects. The mechanism of the 

selective suppression of IFN-γ and CCL-8 expression in modified TH1 responses was not 

investigated in this study, but could be the result of incomplete remodelling of the 

epigenetic architecture at these cytokine loci at an intermediate stage of TH1 differentiation.  

 

Attenuation of IFN-γ and CCL-8 responses in nonatopic T cells may not be the only 

mechanism underlying tolerance in these subjects. Statistical analysis of kinetic responses 

to allergen stimulation in PBMC (Table 10) identified several genes which were more 

highly expressed in nonatopics over the time course. Although these genes were not 

validated in this study, of particular interest was the decoy receptor for IL-1 (IL-1R2), 

because blocking IL-1 signalling reduces cutaneous late phase reactions in atopics 689.  

 

In the absence of detailed functional studies, the role of the novel atopy-associated genes 

identified in this thesis in allergen-driven T cell memory responses can not be determined, 

however the novel genes have been placed into hypothetical pathways below (Fig. 51) 

based on inferences from the literature: 

1. MAL may transport DPP4 via lipid raft domains 612 to the immunological synapse 

providing a costimulatory signal and lowering the threshold for T cell activation 613; 



 

2. CISH, a STAT5 regulator which is induced by IL-4 promotes TH2 differenation 630;  

3. PECAM1 Inhibits calcium signalling 640 which may favour transient calcium signalling 

pathways characteristic of TH2 cells 641; 

4. DACT1 inhibition of JNK signalling 603 possibly by suppression of PAWR expression 

(Fig. 49) may favour nuclear localisation of NFATc driving IL-4 synthesis 641; 

5.  NDFIP2 activates NFκB which may regulate gene expression and survival 618; 

6.  CAMK2D may regulate cytoskeletal events via N-WASP/WASL (Fig. 50) 683; 

7.  PLXDC1 may also regulate cytoskeletal events via interactions with cortactin 637; 

8.  RAB27B and SYTL3 may be involved in transport and secretion of GZMB 620-622, 624; 

9. IL-17RB may drive TH2 effector functions because intranasal administration of the IL-

17RB ligand IL-17E (IL-25) in mice drives IL-5 and IL-13 synthesis, eosinophilia, and 

airways hyperresponsiveness, and these pathologies can be blocked in a dose-dependent 

fashion by coadministration of a soluble IL-17RB fusion protein 690.  

 

 

Figure 51: Hypothetical pathways linking the novel atopy-associated genes identified 
in this thesis to allergen-specific T memory activation and function 
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To investigate the role of the novel genes identified in this thesis in T cell function, 

methodology was established in Chapter 6 to silence gene expression in primary T cell 

responses driven by bacterial superantigens. Silencing DACT1 and CAMK2D expression 

in these responses did not modulate cytokine production or proliferation (Fig. 47 - 50). 

These results were initially somewhat disappointing, however the optimised methodology 

can now be applied to investigate the function of the other novel genes identified in this 

thesis. Moreover, the silencing methodology can now be coupled to other technologies such 

as phospho-profiling (the study of signalling proteins in their inactive or activated states 

using specific antibodies) 691 to investigate the role of the novel atopy-associated signalling 

genes in Fig. 51 in canonical T cell activation pathways. Whilst the fidelity of the 

superantigen-driven T cell response system as a model for investigating allergen-driven T 

memory responses remains to be established, the fact that knockdown of DACT1 and 

CAMK2D expression did not influence cytokine synthesis or proliferation could also be 

interpreted as evidence to suggest that these genes play alternative roles in T cell responses 

such as survival or maintenance of TH2 memory cells. In this context it is noteworthy that 

the early TH2 cluster (DACT1, DPP4, NDFIP2, NSMCE1, RAB27B) was co-expressed 

with IL-4 and IL-4R, as well as the IL-4-induced gene MAL 517. In addition to driving TH2 

differentiaion, IL-4/IL-4R signalling is also required for maintence of TH2 populations in 

some animal models 692, and genes which are co-expressed with IL-4/IL-4R are thus 

potential candidates for this function.  

 

Analysis of allergen-driven gene expression patterns in CD4 T cells from atopic adults with 

or without asthma (Fig. 37) demonstrated that T cells from both groups synthesised 

comparable levels of various T helper subset lineage signature genes/markers including 

TH1 (IFN-γ), TH2 (IL-4, IL-5, IL-9, IL-13), TH17 (IL-17), and TREG (FOXP3), as well as 

additional proinflammatory genes (GZMB, LIF, TNF-α). Gene expression patterns in the 

CD8 T cell compartment were not investigated in this study due to time and resource 

constraints, however these responses should be investigated in future studies because there 

is evidence that cytokine responses in this T cell subset are strongly correlated with disease 

severity 332, 335. The vast array of inflammatory genes identified in the CD4 T cell responses 

potentially explains why clinical trials targeting individual TH2 cytokines in asthma have 

been disappointing 382. However, these data do not explain why some atopics develop 



 

 180

asthma whilst others do not, therefore microarray profiling was employed to investigate 

gene expression patterns in a subset of atopics with (n=7) or without (n=7) asthma who 

displayed robust levels of IL-4 synthesis in recall responses to allergens. Elevated 

expression of two genes (VPS33A, CBFA2T2) involved in secretory functions outside of 

the immune system was associated with asthma in this experiment (Fig. 41), however these 

preliminary data need to be confirmed in a larger independent panel of subjects. Additional 

genes involved in secretory function (NSF, RAB12) were also identified in this experiment, 

and although expression levels of these genes were not associated with asthma, further 

studies analogous to those reported by Davis and co-workers 650 are required to investigate 

the role of the secretory genes identified in this study (CBFA2T2, NSF, RAB12, RAB27B, 

SYTL3, VPS33A) in the effector function of CD4 T cells. If VPS33A and CBFA2T2 play a 

role in secretory functions in T cells, these data offer a simple and intuitive explanation as 

to why some atopics develop asthma whilst others do not. However, it is noteworthy that 

the association of VPS33A and CBFA2T2 with asthma in this experiment was modest, 

suggesting that these genes alone can not account for asthma inception. It is also likely that 

there are no genes that are consistently hyperexpressed in T cells from atopics with asthma 

compared to atopics without asthma 100 % of the time, because such genes would have 

been detected even in a small scale microarray experiment such as the one performed in 

Fig. 40. The same conclusion can be drawn from the hundreds of genetic studies which 

have been conducted to identify atopy susceptibility genes, because no single gene is 

associated with atopy or related phenotypes in every study 32. Another possibility is that 

there may be genes which are more consistently associated with subphenotypes of asthma, 

because profiling of T cell response patterns in children has demonstrated that covert 

differences in these response patterns within the atopic population are associated with 

variable expression of clinical symptoms 268. The possibility that distinct but overlapping 

pathways drive the development of atopy and related phenotypes is also supported by 

genetic studies 693. Therefore more highly powered studies are required to profile gene 

expression patterns in large numbers of subjects to characterise T cell response patterns 

associated with variations in the clinical phenotype and severity of atopic asthma. 

Moreover, these studies should be performed in children because the association between 

asthma and atopy is strongest in childhood 694. Such studies may one day aid in the 

selection of appropriate treatment protocols which are tailored to the specific immune 
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response phenotype and end organ symptomatology, as well as identifying patients which 

are likely to respond to specific treatment protocols 466.  

 

It is intriguing that some atopics can produce high levels of a vast array of proinflammatory 

mediators and not manifest any clinical symptoms of allergic diseases. One possible 

explanation for these data is that excessive recall responses to allergens are only 

problematic when the immune system is exposed to excessive amounts of allergens. 

Defects in epithelial barrier function could facilitate increased access of allergens to the 

immune system. Epithelial barrier function is influenced by the protease inhibitor SPINK5 
259 and the structural protein Filaggrin 695, and mutations in both these genes have recently 

been associated with atopic disorders. Therefore studies should be conducted to determine 

the relationship between the intensity of the allergen-specific immune response and genetic 

susceptibility factors in allergic disorders.  

 

At the outset of this study, the T helper memory cell was the principle effector cell thought 

to drive atopic diseases such as asthma. However, more recently another important effector 

cell type has emerged. Analysis of T cells in bronchoalveolar lavage fluid and in lung 

biopsies by Umetsu and co-workers has revealed that at least half of the CD3+CD4+ T cells 

in the airways of moderate-to-severe asthmatics, but not in healthy controls or in controls 

with sarcoidosis (an inflammatory disease which effects the lungs and other organs) also 

expressed the TcR Vα24Jα18 chain, a marker of invariant NKT cells (iNKT cells) 696. 

Moreover, when activated with PMA and ionomycin, the iNKT cells produced IL-4 and IL-

13 696. The iNKT cells respond to glycolipid antigens (eg. from plant pollens and bacteria) 

presented in the context of the non-classical MHC class I-like antigen CD1d 696. The role of 

iNKT cells in asthma pathogenesis is supported in animal models, where iNKT cells can 

drive airways inflammation and airways hyperrresponsivness in MHC class II deficient 

mice which lack conventional CD4 T cells 697. These data suggest that glycolipid 

components encountered in the environment may synergise with allergen-driven 

inflammatory pathways in asthma pathogenesis, and microarray profiling of gene 

expression patterns in both CD4 T cells and iNKT cells may identify distinct pathways 

associated with the variable expression of clinical symptoms or severity of asthma.  
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In conclusion, profiling of allergen-driven gene expression patterns in T memory cells 

harvested from the peripheral blood of human atopics has identified several novel genes 

which participate in allergic inflammatory reactions. These genes represent logical 

candidates for detailed immunological and genetic studies into atopy pathogenesis.  
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9. Chapter Nine: Appendix 
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9.1 Appendix One: Effect of cryopreservation on gene expression in 
PBMC 

9.1.1 Genes which were differentially expressed between fresh and thawed PBMC at 
baseline 

Fold change Gene 
> 10 fold BPI, CEACAM8, CLC, CPA3, DEFA1, FCER1A, LCN2, LTF, MS4A3, 

OLFM4, S100A12 
4 to10 fold ANXA3, ARG1, CAMP, CRISP3, DDX6, DEFA4, FN1, FN1, FN1, 

FN1, HBA1, HBA2, HBB, MMP8, MS4A3, S100P, TCN1 
2.5 to 4 fold BCL11B, C1orf150, CCR3, CD24, COL1A1, CXCL10, EPHX2, 

FLJ11795, FLJ13197, GATA2, GATAD2B, GPRASP1, HBA1, HBA1, 
HBA1, HBA2, HBB, HBB, HDC, HP, HPR, KIAA0992, LOC283130, 
MYLIP, NA, NA, NA, NA, ORM1, ORM1, PADI4, PFAAP5, RNASE2, 
RNF157, SPIN3, ZNF83 

2 to 2.5 fold ABCG1, ACSL6, ADAM19, AKAP12, AKAP7, ANKRD22, ATP8A1, 
AZU1, BCL11B, C1GALT1C1, C1QG, C6orf190, CD24, CD24, CD24, 
CDC14A, CDC14B, CMKOR1, COL1A1, CTLA4, CYP2U1, CYP4V2, 
DCHS1, DKFZp762A217, DNAJC7, DRCTNNB1A, EVL, FBLN5, 
FEZ1, FHIT, FLJ21657, FLJ37562, GLMN, GPA33, HBG2, 
HIST1H3H, HIVEP2, KIAA0859, KIAA0888, LOC349236, 
LOC440607, LOC441033, LOC441254, LRRC37A, MARCO, MBD6, 
MCART6, MDM4, MGC40069, MGC45871, MYLIP, NA, NA, NA, 
NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, NA, 
NA, NA, NDUFV2, OR2A9P, OVOS2, PARP14, PLXDC1, PPAPDC2, 
PPP1R3E, PRR6, PRSS23, PTCH, PTGDR, PURB, RAB27B, RAB37, 
RAB39B, RASGEF1A, RFXDC2, RGS18, RIC8B, RUNX2, S100A8, 
S100A9, SERPINA1, SIAH1, SIRPB2, SLC2A11, SLC40A1, SNRPN, 
STK4, SYTL3, TUBD1, UBASH3A, USP53, XIST, YES1, ZNF140, 
ZNF204, ZNF571, ZNF638 

-2 to -2.5 ABCA1, ANXA1, ARG2, ATF3, BCAT1, C6orf1, CAB39, CCL24, 
CD1C, CD209, CDK5, CTTN, CXCL5, DFNA5, DKFZP566N034, 
DKFZp566O084, DTL, DUSP6, EGFR, FCAR, FLJ20273, FLRT2, 
GADD45GIP1, GALC, GEM, GLB1L, GREM1, HPCAL4, IGSF6, 
IL1B, KIAA0101, KYNU, KYNU, LOC440104, MCART1, ME1, 
MGC4825, MGST1, MMP19, MS4A4A, MTHFR, NA, NA, NA, NA, 
NA, NR4A3, PLA2G7, SETBP1, SFRS8, SLC44A1, SLC7A11, 
SLC7A11, SLC7A11, SPINK1, SPP1, ST14, TDRD6, TFPI, TFRC, 
THBS1, TXNRD3, ZNF490 

-2.5 to -4 
fold 

CXCL5, DUSP1, GPD2, GREM1, IFI44L, IFIT1, IL8, IL8, MS4A4A, 
NIT2, NRIP3, RNASE1, SLC44A1, SLC44A1, SOX18, UHRF1 
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9.1.2 Genes which were differentially expressed between fresh and thawed PBMC 
after 48 h of PPD stimulation 

Fold change Gene 
> 5 fold APOBEC3A, CLC, DEFA1, G1P3, HBA1, IFI44L, IFIT1, LCN2, 

MT1M, OLFM4, PI3, PI3, RSAD2, RSAD2, USP18 
2.5 to5 fold ANXA3, ATRX, BCL2L14, BF, BIRC4BP, BIRC4BP, C10orf118, 

CCL13, CD163, CD38, CD69, CLK4, CNOT2, CPA3, CXCL10, 
CXCL11, DDX17, DNAJC3, FAM44A, FCER1A, FLJ11273, G1P2, 
GBP1, HBA1, HBA1, HBA1, HBA2, HBA2, HBB, HBB, HBB, HDC, 
HERC5, IFI27, IFI44, IFI44, IFIT2, IFIT2, IFIT3, IFIT3, IGHG3, IGJ, 
IGLC1, IL12B, IL9, KCNJ2, KCNJ2, KIAA0256, LENG10, 
LOC129607, LOC162073, LTF, MGC27165, MT1E, MT1G, MX1, 
MX2, NA, NA, NA, NEFH, NUCKS1, OAS1, OAS1, OAS3, OASL, 
RHOH, S100P, SAMD9L, SATB1, SCML1, SF1, SFRS6, SLC16A7, 
SN, SOX18, TNFSF10, TOP2A, YME1L1, ZBP1, ZNF407 

2 to 2.5 fold ABI1, BAG5, BAT2D1, BAT2D1, BIRC3, BIRC4BP, C1orf150, CBX5, 
CBX5, CCL19, CCR3, CD163, CD44, CD80, CDC2L5, CENPA, 
CUGBP2, CUL4A, CXCL11, CXCL6, DDX6, DKFZP564O0523, 
DNCH1, EHF, EIF2AK2, EMR1, ETNK1, ETV5, FLJ10287, FLJ20035, 
FLJ23861, FLJ38348, FUT7, FXYD5, GPR155, GPR34, GPR43, HBG2, 
HERC6, HIPK1, IFIT5, IFITM3, IFNG, IGKC, IGKC, IL15, IL22, 
KIAA0888, KIAA1128, KNTC2, LCHN, LNPEP, LNPEP, LOC169355, 
LOC339005, LOC441168, MAF, MALAT1, MALAT1, MALAT1, 
MALAT1, MARCH1, MGC19764, MKLN1, MNDA, MS4A3, MT1F, 
MT1F, MT1H, MT1X, MT1X, NA, NA, NA, NA, NA, NA, NCOA6IP, 
NDFIP2, NFAT5, NIPBL, NKTR, OAS2, OLIG2, PBK, PCTK2, 
PFAAP5, PGAP1, PIK3R1, PIK3R1, PYHIN1, RAB18, RETN, 
SAMD9, SAMSN1, SLC39A8, SLC39A8, SMCHD1, SNRPN, SOCS2, 
STEAP4, STK4, SUCNR1, TAF15, TBL1X, TFB1M, TFRC, TNFAIP6, 
TNFRSF17, TNFSF10, TNFSF10, TRAPPC6B, TRIM59, UBE2D2, 
UHMK1, UHMK1, UTX, VPS13C, WDR56, WNT5A, ZBTB1, 
ZC3HAV1, ZNF294, ZNF518, ZNFN1A3 

- 2 to - 2.5 
fold 

ABCC3, ABCC3, AKR1C2, APTX, CAB39, CCL24, CD209, CSF1, 
CSF1, DNER, EGFR, EMR3, ENC1, GNG11, GREM1, IL1R2, IL1RN, 
LOC285812, LPL, LPL, MICAL2, MYO1B, NA, NDP, NDRG2, 
NRIP3, NRP1, OLR1, SERPINE1, SLC1A3, SLC26A11, SORBS1, 
SORBS1, SPINT1, SPP1, TACSTD2, TIE1, ZNF697 

- 2.5 to - 4 
fold 

AKR1C2, CD1A, CLEC12A, GPNMB, GREM1, IL24, ITGA7, ITGB3, 
MET, NEDD4L, RIS1, SERPINE1, SGNE1, SLC11A1, TM7SF4 
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9.2 Appendix Two: Quality control reports of microarray data sets  

9.2.1 CD4 T cell kinetic study - U133a microarrays, Chapter 3.3.3 

Sample type Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

12 h AT Cont 2.1 65.8 2.73 52.0 1.11 0.84 
12 h AT HDM 2.2 60.8 2.57 51.9 1.10 0.87 
12 h NA Cont 2.1 74.6 2.98 53.3 1.00 0.96 
12 h NA HDM 1.9 68.5 2.72 54.3 1.07 0.96 
24 h AT Cont 2.7 67.7 2.73 51.8 0.96 0.83 
24 h AT HDM 2.1 68.8 2.79 53.2 0.98 0.96 
24 h NA Cont 2.2 68.8 2.80 51.6 0.98 0.91 
24 h NA HDM 1.8 61.2 2.51 53.6 1.00 0.99 
48 h AT Cont 1.9 63.0 2.67 55.5 1.01 0.89 
48 h AT HDM 2.0 68.2 2.86 54.7 1.01 0.85 
48 h NA Cont 2.2 64.2 2.68 54.3 1.03 0.97 
48 h NA HDM 2.9 45.6 1.98 53.0 0.97 0.93 
Mean 2.2 64.7 2.7 53.3 1.0 0.9 
SD 0.3 7.2 0.2 1.3 0.0 0.1 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
12 h, 24 h, or 48 h, then CD4 T cells were purified.  Total RNA samples were pooled from 
10 atopic (AT) or 10 nonatopic (NA) subjects prior to microarray analysis. 
 

9.2.2 CD8 T cell kinetic study - U133a microarrays Chapter 3.3.3 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

12 h AT Cont 1.86 57.3 54.28 2.28 0.81 0.98 
12 h AT HDM 2.52 54 61.14 2.5 0.85 1.05 
24 h AT Cont 2.16 55.3 59.66 2.46 0.9 1.08 
24 h AT HDM 1.99 55.9 51.28 2.11 0.97 1.02 
48 h AT Cont 1 54.8 62.84 2.56 0.87 1.06 
48 h AT HDM 1 51.3 65.25 2.67 0.87 0.95 
12 h NA Cont 2.394 54.3 60.97 2.5 1.00 1.00 
12 h NA HDM 2.348 54.3 52.47 2.14 1.02 1.02 
24 h NA Cont 2.442 55 49.61 1.97 1.01 1.01 
24 h NA HDM 2.046 53.8 60.75 2.47 1.04 1.07 
48 h NA Cont 1.84 55.6 61.24 2.45 1.01 1.1 
48 h NA HDM 2.322 53.2 56.3 2.34 1.01 1.1 
Mean 2.0 54.6 58.0 2.4 0.9 1.0 
SD 0.5 1.5 5.0 0.2 0.1 0.0 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
12 h, 24 h, or 48 h, then CD8 T cells were purified.  Total RNA samples were pooled from 
10 atopic (AT) or 10 nonatopic (NA) subjects prior to microarray analysis. 
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9.2.3 PBMC kinetic study - U133 Plus 2.0 microarrays Chapter 4.2 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

12 h AT1 Cont 5.8 46.4 47.3 1.65 1.01 1.34 
12 h AT1 HDM 5.7 45.8 50.9 1.72 1.03 1.45 
12 h AT2 Cont 5.9 45.5 51.2 1.79 1.02 1.32 
12 h AT2 HDM 7.1 44.5 47.8 1.61 1.04 1.42 
12 h AT3 Cont 6.6 45.6 48.4 1.63 1.00 1.19 
12 h AT3 HDM 7.9 45.1 45.1 1.49 1.03 1.35 
12 h NA1 Cont 6.0 45.4 50.0 1.75 1.00 1.21 
12 h NA1 HDM 6.8 44.9 49.2 1.71 0.97 1.24 
12 h NA2 Cont 7.3 46.1 43.8 1.45 1.05 1.29 
12 h NA2 HDM 7.3 44.5 47.6 1.60 1.02 1.37 
12 h NA3 Cont 7.5 44.1 48.3 1.65 1.14 1.14 
12 h NA3 HDM 6.6 46.0 44.0 1.45 1.06 1.34 
24 h AT1 Cont 6.3 46.4 47.7 1.66 0.94 1.34 
24 h AT1 HDM 8.3 44.7 43.3 1.54 0.96 1.23 
24 h AT2 Cont 5.8 46.6 51.5 1.77 1.06 1.29 
24 h AT2 HDM 9.4 40.0 47.4 1.63 1.01 1.29 
24 h AT3 Cont 9.2 43.5 43.4 1.47 1.09 1.16 
24 h AT3 HDM 6.6 46.4 47.5 1.60 0.95 1.13 
24 h NA1 Cont 6.8 43.6 49.5 1.72 1.03 1.15 
24 h NA1 HDM 7.2 43.7 46.2 1.57 1.06 1.17 
24 h NA2 Cont 5.0 47.5 50.0 1.74 1.00 1.16 
24 h NA2 HDM 6.7 45.5 46.6 1.58 1.03 1.32 
24 h NA3 Cont 6.9 45.4 45.7 1.51 1.13 1.34 
24 h NA3 HDM 7.6 45.2 44.2 1.43 1.07 1.30 
48 h AT1 Cont 6.5 45.9 47.2 1.64 1.00 1.20 
48 h AT1 HDM 6.3 45.4 48.0 1.71 0.94 1.15 
48 h AT2 Cont 6.9 44.8 48.4 1.70 0.93 1.11 
48 h AT2 HDM 6.2 45.7 49.5 1.73 0.95 1.17 
48 h AT3 Cont 6.1 46.6 51.8 1.75 1.00 1.06 
48 h AT3 HDM 7.5 44.1 44.5 1.51 0.95 1.07 
48 h NA1 Cont 6.1 46.0 46.9 1.61 1.08 1.20 
48 h NA1 HDM 5.5 47.1 44.1 1.48 1.09 1.07 
48 h NA2 Cont 6.2 45.8 47.8 1.73 0.88 1.09 
48 h NA2 HDM 6.1 43.5 52.5 1.87 0.92 1.06 
48 h NA3 Cont 6.8 42.2 60.3 1.99 1.06 1.20 
48 h NA3 HDM 7.2 46.0 45.7 1.48 1.05 1.14 
Mean 6.83 47.75 1.63 44.88 1.02 1.22 
SD 0.97 3.21 0.13 1.46 0.06 0.10 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
various time points (12 h, 24 h, or 48 h).  Total RNA samples from 40 subjects were pooled 
into three independent atopic (AT1, AT2, AT3) or three independent nonatopic (NA1, 
NA2, NA3) pools prior to microarray analysis.  
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9.2.4 PBMC 6 h study - U133 Plus 2.0 microarrays Chapter 4.2.2 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

06 h AT1 Cont 5.3 45.3 51.1 1.81 1.03 1.21 
06 h AT1 HDM 5.3 46.2 48.1 1.69 1.18 1.45 
06 h AT2 Cont 7.0 43.5 48.3 1.69 1.07 1.22 
06 h AT2 HDM 6.5 43.9 47.9 1.65 1.06 1.32 
06 h NA1 Cont 5.5 44.9 51.0 1.80 1.06 1.23 
06 h NA1 HDM 5.9 45.0 47.9 1.66 1.07 1.37 
06 h NA2 Cont 6.6 44.6 46.3 1.58 1.07 1.38 
06 h NA2 HDM 9.0 42.1 44.0 1.48 0.97 1.23 
Mean 6.41 43.65 12.47 31.93 0.97 1.15 
SD 1.23 1.26 2.32 0.11 0.06 0.09 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 6 
h.  Total RNA samples from 20 subjects were pooled into two independent atopic (AT1, 
AT2) or two independent nonatopic (NA1, NA2) pools prior to microarray analysis.  
 

9.2.5 CD4 T cell 24 h study - U133 Plus 2.0 microarrays Chapter 4.5 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

AT1 Cont  13.5 45.1 33.58 1.01 1.16 1.86 
AT1 HDM  12.5 46.7 31.68 0.95 1.17 1.59 
AT2 Cont  12.4 45.9 32.09 0.95 1.16 1.70 
AT2 HDM  13.7 44.9 32.24 0.94 1.11 1.76 
NA1 Cont 9.7 47.7 33.48 0.99 1.22 1.63 
NA1 HDM 10.3 47.3 33.48 1.00 1.26 1.58 
NA2 Cont 12.7 42.7 43.11 1.36 1.16 1.66 
NA2 HDM 12.9 44.7 35.86 0.97 1.08 1.82 
Mean 12.22 45.63 34.44 1.02 1.17 1.70 
SD 1.45 1.63 3.74 0.14 0.06 0.10 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
24 h, then CD4 T cells were purified. Total RNA samples from 20 subjects were pooled 
into two independent atopic (AT1, AT2) or two independent nonatopic (NA1, NA2) pools 
prior to microarray analysis.  
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9.2.6 CD8 T cell 24 h study - U133 Plus 2.0 microarrays Chapter 4.5 

Sample  Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

AT1 Cont  9.7 47.4 34.31 1.02 1.29 1.46 
AT1 HDM  11.9 46.1 33.18 1.04 1.15 1.64 
AT2 Cont  14.7 45.0 31.26 0.90 1.36 1.78 
AT2 HDM  12.2 46.1 31.71 0.92 1.27 1.60 
NA1 Cont 10.2 47.3 32.83 0.99 1.28 1.52 
NA1 HDM 12.0 46.7 31.27 0.91 1.18 1.65 
NA2 Cont 10.8 47.4 35.99 0.99 1.05 1.55 
NA2 HDM 10.9 45.7 35.04 1.02 1.10 1.63 
Mean 11.6 46.46 33.20 0.97 1.21 1.60 
SD 1.6 0.89 1.78 0.06 0.11 0.10 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
24 h, then CD8 T cells were purified.  Total RNA samples from 20 subjects were pooled 
into two independent atopic (AT1, AT2) or two independent nonatopic (NA1, NA2) pools 
prior to microarray analysis.  
 

9.2.7 DN cell 24 h study - U133 Plus 2.0 microarrays Chapter 4.5 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

AT1 Cont  13.8 42.2 36.46 1.11 1.14 1.32 
AT1 HDM  11.7 44.4 36.05 1.10 1.18 1.35 
AT2 Cont  14.2 42.8 34.80 1.04 1.23 1.48 
AT2 HDM  12.8 43.6 35.48 1.08 1.17 1.42 
NA1 Cont 8.8 47.8 37.23 1.01 1.22 1.38 
NA1 HDM 12.4 44.6 37.14 1.00 1.10 1.41 
NA2 Cont 11.9 45.8 32.90 0.95 1.11 1.45 
NA2 HDM 12.2 44.9 30.99 0.94 1.11 1.51 
Mean 12.2 44.51 35.13 1.03 1.16 1.42 
SD 1.7 1.76 2.18 0.07 0.05 0.06 
Description: PBMC were cultured in the presence (HDM) or absence (Cont) of HDM for 
24 h, after CD4 and CD8 T cells were depleted, RNA was extracted from remaining DN 
cells. Total RNA samples from 20 subjects were pooled into two independent atopic (AT1, 
AT2) or two independent nonatopic (NA1, NA2) pools prior to microarray analysis.  
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9.2.8 CD4 T cell 24 h study - U133 Plus 2.0 microarrays Chapter 5.4 

Sample Scaling 
factor 

Present 
call (%) 

Background Noise 
(Raw Q) 

GAPDH 
3’ – 5’ 

ACTIN 
3’ – 5’ 

AT N1 Cont 12.4 40.6 48.2 1.65 1.22 2.66 
AT N1 HDM 8.2 46.9 39.4 1.26 1.24 2.53 
AT N2 Cont 9.0 45.6 40.2 1.33 1.32 3.16 
AT N2 HDM 7.7 46.2 45.0 1.55 1.15 2.65 
AT N3 Cont 9.6 44.4 44.6 1.48 1.30 2.19 
AT N3HDM 8.9 44.8 46.6 1.53 1.29 2.46 
AT N4 Cont 5.8 49.1 37.5 1.24 1.36 2.23 
AT N4 HDM 8.5 44.3 46.7 1.51 1.29 2.03 
AT N5 Cont 7.3 47.8 36.2 1.20 1.17 2.25 
AT N5 HDM 7.6 47.0 43.3 1.45 1.28 2.20 
AT N6 HDM 7.2 47.5 39.9 1.34 1.17 2.09 
AT N7 HDM 6.4 48.6 41.0 1.34 1.20 1.86 
AT A1 Cont 12.5 39.6 59.4 1.96 1.32 2.06 
AT A1 HDM 8.7 47.0 43.6 1.43 1.17 1.82 
AT A2 Cont 7.4 46.8 47.9 1.60 1.09 2.00 
AT A2 HDM 6.9 47.1 44.5 1.53 1.18 2.13 
AT A3 Cont 7.6 46.0 48.2 1.57 1.36 2.31 
AT A3 HDM 8.2 45.1 55.1 1.79 1.27 2.19 
AT A4 Cont 7.9 47.6 38.9 1.24 1.16 1.75 
AT A4 HDM 7.1 47.1 50.8 1.67 1.28 1.97 
AT A5 Cont 8.2 45.1 52.4 1.77 1.46 2.05 
AT A5 HDM 6.8 47.2 45.5 1.50 1.17 1.90 
AT A6 HDM 8.2 46.6 40.3 1.31 1.18 2.14 
AT A7 HDM 7.4 44.4 59.8 1.96 1.30 2.02 
Mean 8.2 45.9 45.6 1.51 1.25 2.19 
SD 1.6 2.2 6.4 0.21 0.09 0.32 
Description: PBMC from atopic subjects with (AT A) or without (AT N) asthma were 
cultured in the presence (HDM) or absence (Cont) of HDM for 24 h, then CD4 T cells 
were purified. Total RNA was extracted and analysed on microarrays.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

9.3 Appendix Three: Assessment of qRT-PCR assay specificity by 
analysis of qRT-PCR product melting/dissociation profiles  

 
 
 
 
 

 230



 

 
 

 
 
 
 
 
 
 
 

 231



 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 232



 

9.4 Appendix Four: Alignment of Affymetrix probe set sequences with 
RefSeq and Aceview annotations of the human genome  

9.4.1 Alignment of NCDN probe sets with the human genome 

 

 

9.4.2 Alignment of PAWR probe sets with the human genome 
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