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provides a compelling explanation for the immunobiology underlying epicutaneous sensitization and 

elicitation of allergic reactions. 
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PhD hypothesis, aims and structure 

The overriding hypothesis of this PhD is that early EPE, measured by peanut protein levels in household 

dust, is a risk factor for the development of PS and PA in children with an impaired skin barrier. The aims of 

this PhD were to describe characteristics of environmental peanut exposure, the association between this and 

PS and PA in children with an impaired skin barrier and finally in-vitro work to support the concept that PS 

occurs through the skin using recall responses to peanut from memory Th2 cells. This PhD thesis is a thesis 

incorporating publications, therefore the results section comprises accepted publications instead of 

conventional results chapters (where the results of this PhD have been published).  

 

The structure of this PhD thesis comprises an Introduction section separated into several chapters (Chapters 

1-5) to evaluate the literature surrounding the hypothesis of this PhD. The Methods section (Chapter 6) 

summarizes the methods incorporated into the publications and describes in full the methods for the work 

that has not yet been published. The Results sections (Chapter 7) contains articles accepted for publication 

(Publication 1-5 described in the section on peer reviewed publications arising from this PhD); where the 

work has not yet been published, these results are described in the conventional way.  This is followed by a 

Discussion section (Chapter 8), References (Chapter 9) and Appendices (Chapter 10) which comprise 

further details required for background, optimisation and justification of methods and statistics employed as 

well as standard operating procedures for certain methods, participant questionnaires and information sheets 

used. 

In keeping with the aims of this PhD there are three themes to this thesis as described below: 

Characterization of environmental peanut exposure (EPE): 

a. Validation of environmental sampling methods and peanut protein quantification 

b. Household peanut consumption and its relationship with peanut levels in dust  

c. Household characteristic and participant factors related to peanut levels in household dust 
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d. Persistence of peanut protein on human hands and saliva after peanut consumption 

e. Persistence of peanut protein in household bed and furnishings 

f. Analysis of airborne peanut 

g. Basophil activation test to confirm biological activity of peanut in dust 

h. Mass spectrometry to determine major peanut protein allergens in dust 

 

2) Influence of EPE on PS and PA in children with an impaired skin barrier 

a. Comparison of cohort studies employed (MAAS, CoFAR and BAMSE)  

b. Review of potential confounding factors for influence of EPE on PS and PA 

c. Overview of FLG genotyping in three cohort studies 

d. Statistical powering and analysis for influence of EPE on PS and PA in children with an 

impaired skin barrier 

e. Evaluation of threshold level of EPE for PS and PA 

 

3) In-vitro evaluation of the route of PA using memory Th cell responses to peanut in skin versus gut-

homing Th subsets  

a. PBMC isolation, culture, staining and sorting into peanut specific memory Th cell in skin 

versus gut-homing Th subsets in children with PA and NA children  

b. Gene expression of sorted cells following RNA extraction, cDNA synthesis, amplification, 

biotin labelling and fragmentation for Affymetrix gene microarray  

c. Analysis of gene microarray results using Partek Suite ANOVA analysis and Random Forest 

automated classification approach  

d. Confirmation of gene microarray findings by reverse transcriptase quantitative polymerase 

chain reaction (RT-qPCR) in PBMCs from children with PA, PS and NA children  

e.  Confirmation of gene microarray findings on a protein level by intracellular cytokine 

staining in PBMCs of children with PA versus PS 
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Deionised  Water free from ions (molecule with net positive or negative charge) 

 

Densitometry Assay which uses optical density to measure substances  

Der p 1 Dermatophagoides pteronyssinus Type 1: A major HDM allergen 

Der p 2 Dermatophagoides pteronyssinus Type 2: A major HDM allergen 

DNA Deoxyribonucleic acid is a molecule made of repeating units called nucleotides that 

encode the genetic instructions for the functioning of cells and organisms 

DNase Deoxyribonuclease is an enzyme that degrades DNA by catalysing the 

cleavage of phosphodiester linkages in the DNA backbone 

EAT Enquiring About Tolerance study is a large population based randomised controlled 

study assessing whether early introduction of solids with concomitant breastfeeding 

protects against food allergy at 3 years of age 

EAACI  European Academy of Allergy and Immunology  

ELISA Enzyme linked immunosorbent assay: antibody based assay used in the detection of 

proteins  

Eppendorf  Generalised trademark of laboratory tubes which may be centrifuged 

Epicutaneous  On the skin 

EDC Epidermal differentiation complex: a cluster of genes involved in the terminal 

differentiation of keratinocytes.  

Eosinophilia Increase in the number of eosinophils; a lymphocyte which predominates in allergy, 

parasitaemia and some forms of leukaemia 

EPE   Environmental peanut exposure 
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rs Spearman Rank: non-parametric correlation coefficient for non-normally distributed 

data 

RT-qPCR  Real time quantitative polymerase chain reaction 

SCIT    Subcutaneous immunotherapy  

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis is used to separate out 

proteins according to their molecular size and weight. SDS denatures proteins into 

polypeptides 

Sensitization  Immune system produces IgE antibodies against a usually innocuous antigen such as a 

pollen or food 

Sensitivity Number of true positive results divided by the combination of true positive and false 

negative results 

siRNA Small interfering RNAs are 20-25 nucleotide double stranded RNA molecules that 

interfere with the expression of a specific gene 

SPT Skin prick test: Allergy tests where purified standardized allergen is applied to the 

skin and pierced with a lancet; wheal and flare are measured at 15 minutes 

SNP Single nucleotide polymorphisms occur when a single base differs between members 

of paired chromosomes in an individual  

SOP Standard operating procedure: a consistent set of instructions for research work 

Specificity Number of true negative results divided by the combination of true negative and false 

positive results 

Spectrophotometry Assay which measures the colour of a solution by determining the amount of light 

absorbed in the ultraviolet, infrared, or visible spectrum 

SPRRs  Small proline-rich proteins assist in the formation of the cornified envelope of the 

epidermis 

STAT6  Signal transducer and activator of transcription 6 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide_gel
http://en.wikipedia.org/wiki/Electrophoresis
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US United States of America 

VIC Reporter fluorescent marker in Taqman PCR probes. Proprietary marker thus no 

further details available through Applied Biosystems 

w/v weight /volume; to prepare solid in liquid solvent;  1% w/v is 1gram  per 100 ml, 

100% is 100grams in 100 ml  
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Chapter 1 Introduction  

1.1 Statement of the problem 

Food allergy is an increasingly important public health concern. (1) In prospective studies challenge proven 

food allergy has been shown to be between 5% and 6% (depending on whether defined by double blind 

placebo controlled food challenges or open challenge and a good clinical history respectively) in the United 

Kingdom (UK) (2) and 8% (3) in the United States of America (US) in the first three years of life. PA is 

characterised by severe reactions (4;5) and significantly impairs quality of life for both the child and their 

family. (6-8) Although there are exciting research developments in the prevention (www.leapstudy.co.uk) and 

treatment of established PA,(9-11) at present dietary avoidance and appropriate rescue treatment of allergic 

reactions secondary to accidental exposure remains the mainstay of management; thus prevention is key.  

 

In this PhD an epidemiological approach was employed to determine a novel, previously unexplored, route 

of PS via EPE and the role of the skin barrier in mediating this effect. Subsequently genetic biomarkers of 

PA versus tolerance were evaluated in recall responses of skin versus gut-homing memory T helper (Th) 

cells in peanut allergic, peanut sensitized and non-peanut allergic (NA) children using gene and protein 

expression analyses.  To highlight the clinical relevance of this PhD the introduction first provides an 

overview of PA followed by a review of known genetic and environmental risk factors for PS and PA. The 

evidence surrounding potential routes of sensitization to peanut, in particular epicutaneous sensitization is 

described as well as the role of environmental allergen exposure in the development of other allergic 

diseases. Validation of the method to quantify peanut protein in dust and surface wipes was carried as part of 

my MSc thus I will discuss data from my MSc as part of the introduction to this PhD.  

 

1.2 Increasing prevalence of PA 

Sequential cohort studies have demonstrated an increase in the prevalence of PA from 0.5% (1989) to 1% 

(1996) in the UK (12) and of self-reported PA from 0.4% (1997) to 0.8% (2002) then 1.4% (2008) in the US. 
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Figure 1: Peanut and tree nut related anaphylactic deaths in adults and children 

  

 

 

 

 

 

 

 

 

 

 

In the UK, over half of deaths related to peanut anaphylaxis occurred in individuals whose previous peanut 

allergic reactions had been mild. (23) Thus a previous mild allergic reaction cannot reassure the patient that 

they are less likely to have a severe reaction in the future. Risk factors for fatal peanut allergic reactions 

include asthma (even well-controlled), location of exposure remote to the home environment and non-timely 

delivery of adrenaline (although mortality was not invariably prevented by early adrenaline alone).(22-24)   

 

1.4 Impact on the quality of life in children and families with PA 

Given the potential for severe allergic reactions it is not surprising that PA leads to heightened anxiety and 

reduced quality of life in the individual and family of the individual who has PA. When PA was compared 

with other chronic health conditions such as diabetes mellitus (7) and chronic rheumatoid arthritis,(6) children 

and families with PA fared worse. In particular they suffered from increased anxiety (7) and disruption in 

their daily activities and in their familial and social life.(6)  

 

UK (Combined food related 

data from 1992-2012) 

USA (Combined food related data from 
1994-1999 and 2001-2006) including 

probable diagnoses of peanut or tree nut 
culprit allergen 

 

Australia   

(Data from 

1997-2005) 

Peanut-related 
n=25/124 

(20%) 

Tree nut-related 
n=15/124 

(12%) 

Peanut-related 
n=37/63 

(58.7%) 

Tree nut-related 
n=18/63 

(28.6%) 

Peanut-related 
n=3/7  

(42.9%) 

Unspecified 
nut n=26/124 

(21%) 
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Avoiding peanut in the diet not only entails avoidance of peanut as an ingredient in food but patients may 

also be advised to  avoid known cross-reactive legumes and seeds. This may compromise nutrition. (34) Pre-

packed foods frequently have an advisory warning referring to possible nut contamination; these advisory 

labels are increasingly more prevalent and frequently contribute to anxiety in food allergic individuals. (35;36) 

The Anaphylaxis Campaign found that 56% (71/127) of foods randomly selected from a shopping basket 

which would not normally contain nuts as an ingredient indicated a risk of nut contamination. (37) In a more 

detailed evaluation they found that the peanut or tree nut allergic individual was unable to match a substitute 

for 18% of the items and in 9% of cases had to make do with a product of poorer quality. Additionally, nut 

allergic individuals took almost 40% longer to shop and paid on average 11% more than individuals without 

nut allergies.  

 

 

1.5 Natural history of PA 

PA usually persists into adulthood, and was previously thought to never be outgrown. However, several 

studies have now shown this is not the case; studies have shown that between 18-59% of children outgrow 

their PA (references in ascending order of PA resolution). (38-45) Although all of these studies confirmed 

resolution of PA by OFC, only two of these studies confirmed PA at baseline with a diagnostic OFC.  (39;41) 

Most other studies based their definition of PA at baseline on a history of clinical reaction or positive SPT or 

sIgE with no history of ingestion; thus it is likely that some of these children were peanut sensitized rather 

than allergic at baseline which would have falsely elevated the rate of PA resolution described. Chances of 

outgrowing PA were highest if the child had a milder initial allergic reaction and low SPT/sIgE tests on first 

presentation, (38;40;42) and if they had fewer additional allergies (implying less complex atopic disease). (46) 

Unfortunately PA which has been confirmed as resolved on  diagnostic OFC can reoccur  in up to 8% of 

cases; (44) usually, however, after peanut consumption had been avoided following a negative peanut 

challenge. 
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prostaglandins. (59) This results in the allergic manifestations of immediate hypersensitivity reactions in 

different target organs including the skin (hives, angioedema), gastrointestinal tract (vomiting and diarrhea), 

respiratory tract (stridor, wheeze and ensuing difficulty breathing) and cardiovascular system (pallor, low 

blood pressure, collapse). This process is displayed below for allergic sensitization to HDM allergen 

Dermatophagoides pteronyssinus Type 1 (Der p 1) as an example (Figure 3). Der p 1 has cysteine protease 

activity that breaks down the tight junctions by breaking down transmembrane protein occludin.(60) Peanut 

proteins are not known to have protease activity; however, this has not been actively studied.  

 

Figure 3: Mechanism of allergic sensitization using HDM allergen (Der p 1) as an example. 

Copyright from Janeway's Immunobiology, 8th Edition by Murphy et al. (2012)  

Reproduced by permission of Garland Science/Taylor & Francis LLC. (61) 
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1.7 Genetic risk factors for PA 

There is a significant genetic influence on the development of PA as shown by the 64% concordance rate for 

PA in monozygotic twins. (62) In a UK study which assessed 622 adults and children and their families with 

suspected PA, grandparents reported PA in 0.1% (3/2409), aunts and uncles in 0.6% (7/1213), parents in 

1.6% (19/1218), and siblings in 6.9% (42/610). (63)  On further evaluation by SPT and diagnostic OFC the 

researchers found a 7% prevalence of PA in siblings of peanut allergic individuals. (63) Identifying genes 

which predispose to the development of PA would facilitate the provision of personalized medicine. 

 
1.7.1 Major Histocompatibility Complex (MHC) 

Given that APCs present processed antigen to naïve CD4+ Th cells via the MHC Class II ligand (see Section 

1.6) one could anticipate that variations in the genes that code for the MHC would be important predictors of 

allergic disease. MHC allows differentiation of self versus non-self and is called the Human Leucocyte 

Antigen (HLA) in humans. HLA Class 1 molecules regulate inflammatory responses and apoptosis 

(programmed cell death) and HLA Class II molecules, present on APCs, activate T cells and have been 

shown to control T cell recognition of peanut antigens.(64) Variation in the genes coding for HLA Class II 

DRB1*11, (65)  DRB1*08, DRB1*08/12 tyr16 and DQB1*04 (66) have been associated with PA versus atopic 

controls. However, more recently, two studies compared HLA Class II genes in children with PA versus 

their siblings without PA.(67;68) The studies were designed to focus on variations in HLA Class II genes due 

to an association with PA rather than due to differences in the HLA Class II genes of non-related 

individuals. (67;68) Although DRB1*0803 was higher in both sets of siblings compared with unrelated 

controls, there was no difference between peanut allergic and peanut tolerant siblings. (68) Thus, at present, 

there is conflicting evidence as to whether variations in HLA Class II genes are responsible for the 

development of PA. However, there are variations in other genes which have been associated with PA. 
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1.7.2 Genetic polymorphisms 

1.7.2.1 Background 

Genetic risk factors can be determined by assessing variations at a specific deoxyribonucleic acid (DNA) 

sequence that is known to code for a gene. Coding DNA sequences (genes) are transcribed into ribonucleic 

acid (RNA) and then translated into proteins. Variations in the sequence of DNA are called polymorphisms 

if the less common allele (an alternative form of a given gene) occurs in more than 1% of the individuals in 

any population. (69) Variations in DNA sequence may consist of a substitution of one of the bases (such as 

arginine (A), thiamine (T), cytosine (C) and guanine (G) which are the building blocks of nucleotides and 

thus DNA), deletions or insertions of one or more bases. Over 90% of DNA polymorphisms are single 

nucleotide polymorphisms (SNPs) which occur when a single base differs between members of paired 

chromosomes in an individual. The frequency of SNPs are approximately one every thousand base pairs. (69) 

A SNP may occur within a gene resulting in altered gene expression and thus protein formation. This is 

referred to as a mutation. However, the majority of SNPs are silent (do not lead to altered gene expression 

and proteins) and the functional significance of these is not yet understood. The 1000 Genome Project 

Consortium has provided a haplotype (groups of closely linked alleles that tend to be inherited together) map 

of 38 million SNPs and 1.4 million short insertions and deletions. (70) 

 

1.7.2.2 Genetic polymorphisms of the innate immune system 

Two SNPs in the glycoprotein CD14, which is expressed on APCs and acts as a receptor for 

lipopolysaccharide (bacterial cell wall) and other pathogen associated molecular patterns (PAMPS), are 

associated with PA. (71) Homozygous (both alleles) polymorphisms for CD14 (TT) are 4 times more 

common in food allergic individuals than non-atopic controls. (72) CD14 has also been shown to modulate 

the effect that exposure to bacterial products (such as in farming environments) (73) has on the development 
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of Th2 responses. In a similar manner, variations in genes that code for other APC receptors (Toll-like 

receptors) that recognise PAMPS modify the association between day care attendance and atopic wheeze at 

follow-up between the ages of 1 to 11 years. (74) CD14 has a key role in the innate immune system and 

provides one example of the way that innate immunity, the microbial environment and atopy may interact.  

(75)  

 
1.7.2.3 Genetic polymorphisms of transcription factors 

Variation in APC receptors may alter the way allergens are processed and presented to T cells, but additional 

mutations within genes that code for downstream signal transduction within the T cell may also influence 

whether atopy or tolerance ensues. In a study by Amoli et al. (2002), SNPs in the gene encoding for the Th2 

transcription factor STAT6 were approximately three times more frequent in 71 peanut or tree nut allergic 

individuals versus 184 blood donors controls. (76) However, there was no difference in the rate of STAT6 

mutations between the same 71 nut allergic individuals and 45 atopic individuals without nut allergy which 

suggest that the STAT6 SNPs increased the risk of atopy rather than nut allergy per se. (76) Given the role of 

STAT6 in Th2 differentiation under the influence of IL4 (see Section 1.6) variations in the gene that codes 

for STAT6 may inhibit or promote Th2 differentiation to allergens in general rather than peanut or tree nut 

allergens. Polymorphism in interleukins such as IL10 (77) and IL13 (78) have also been associated with food 

allergy but not PA specifically. Variations within genes important for skin barrier function will be discussed 

inSection 4.2. 

 
1.7.3 Microarray analysis for hypothesis generation  

The previously described gene analysis method described is hypothesis driven: i.e. researchers already need 

to have a hypothesis as to which genes might affect atopic disease or modify an environmental exposure. 

Given that there are at least 25,000 human genes there are potentially many as yet undiscovered genes which 
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Chapter 2 Routes of peanut sensitization 

To devise effective PA prevention strategies it is important that the route of PS is understood. In the next 

section I will discuss the literature pertaining to various routes of peanut exposure and the public health 

recommendations that have arisen from this. 

 

2.1 In utero peanut allergen exposure 

The data surrounding maternal peanut consumption and PS in the unborn child are conflicting. From a 

mechanistic point of view, IgE in cord blood was thought to be produced by the foetus as foetal cells are 

capable of producing IgE from the second trimester; (82) furthermore total IgE (83-85) and allergen sIgE  (to 

HDM) (86) in cord blood have been previously used to predict atopy in the child. The ALSPAC (Avon 

Longitudinal Study of Parents and Children) study is a large birth cohort consisting of over 14,000 pregnant 

mothers recruited from 1991-1992. Children of mothers recruited to the ALSPAC study that went on to 

develop PA (confirmed by double blind placebo controlled OFCs) had their cord blood assessed 

retrospectively. There was no detectable peanut-sIgE (using a cut-off of 0.35kU/L) in the cord blood of 

peanut allergic children which suggested that antenatal PS in these children was unlikely. (49)  

 
Cord blood may not actually be reflective of foetal IgE production but of maternal IgE production.(87) In the 

Copenhagen Studies on Asthma in Children (COPSAC) cohort Bonnelykke et al. (2008, 2010) demonstrated 

that total and sIgE levels in cord blood were frequently the result of maternofoetal IgE transfer. (87;88) 

Maternofoetal IgE transfer was assessed by comparing levels of total IgE or sIgE in cord blood, maternal 

blood and in the infant 6 months after birth. Additionally the authors correlated cord blood IgE levels with 

cord blood IgA as this is used as a measure of maternal blood contamination of cord blood (IgA is not 

produced by the foetus). On the basis of this method, Bonnelykke et al. (2010) showed that total IgE in cord 
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pregnancy and breastfeeding, peanut specific IgG1, (a mouse specific allergic antibody) was detectable 

before their peanut challenge; this must therefore have been maternally derived via the placenta as these 

mice had not had any other form of peanut exposure. In the offspring whose mothers had received low dose 

oral administration during pregnancy and breastfeeding, those protected against peanut anaphylaxis had 

higher IgG2 levels and lower peanut sIgE production to active (intragastric + CT) PS. (95)  

 

 
More recently, peanut antigen present in human breast milk was shown to prevent PS when fed to mouse 

pups prior to weaning.(92) Peanut protein in human breast milk following maternal peanut consumption was 

shown to be biologically active by demonstrating binding of free Ara h 6 to peanut sIgE and subsequent 

mast cell degranulation. Pre-weaned mice were fed human breast milk containing no peanut or only free Ara 

h 6 (earlier time points following maternal peanut consumption) or containing both free Ara h 6 and IgG- 

and IgA-Ara h 6 immune complexes (later time points following maternal peanut consumption). Mice were 

then sensitized to peanut using repeated intragastric gavages of peanut and CT and subsequently underwent 

a peanut OFC. Following administration of peanut-free breast milk there was no reduction in mouse Th1 

(IgG2a) and Th2 (IgG1) responses to peanut, but these were significantly reduced following administration 

of human breast milk containing free Ara h 6 and with breast milk containing free Ara h 6 plus Ara h 6 in 

IgG and IgA immune complexes. There was also a trend towards a reduction in mMCP-1 in mice fed human 

breast milk with free Ara h 6 and free Ara h 6 plus Ara h 6 immune complexes, but this did not reach 

statistical significance when compared with mice fed breast milk without Ara h 6 or controls (not treated 

with breast milk) and there was no decrease in peanut sIgE. There was surprisingly no significant additional 

benefit of IgA- and IgG-Ara h 6 complexes (although this was associated with lower mMCP-1 levels than 

mice administered free Ara h 6 in breast milk); this may suggest that the presence of peanut allergen with 

the intrinsic immunoregulatory properties of breast milk itself are the most important aspect in inducing 
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prevention. In the intention to treat analysis, early regular peanut consumption reduced the rate of peanut 

allergy from 35.3% to 10.6% (a 70% risk reduction) in SPT positive children and reduced the rate of peanut 

allergy from 13.7% to 1.9% in the SPT negative group. In the per protocol analysis children with positive 

SPT reduced their peanut allergy from 34.0% to 0.0% (see Figure 6). These findings provide a strong basis 

for the role of early high-dose peanut consumption leading to a reduction in PA; however, the authors did 

not comment on whether children who ate a lower dose of peanut protein were protected against PA. Thus it 

may not be possible to set a cut-off for the minimum amount of peanut consumption required to prevent PA 

and it is still possible that children eating very low doses of peanut might increase their risk of PA.  

Figure 5: LEAP study design 

Reproduced with permission from Du Toit et al. (2015),(126) Copyright Massachusetts Medical Society. 
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Figure 6: Results from the LEAP study 

Reproduced with permission from Du Toit et al. (2015),(126) Copyright Massachusetts Medical Society. 

 

2.6.2 Dose of peanut oral exposure 

Given that low-dose oral peanut consumption increased allergic responses to peanut in animal studies, one 

could hypothesise that parents could inadvertently sensitize their infants to peanut by feeding them low 

quantities of peanut protein in foods, or Arachis (peanut) oils in milk formulae (127) and vitamin supplements 

(e.g. Abidec). Previous literature raised concerns about the implications of low dose exposure to Arachis Oil 

in infant vitamin supplements. De Montis et al. (1993) found a higher rate of PS in children administered 

vitamin D which contained Arachis oil in the first two years of life (daily administration - PS rate: 9/28= 

32.1%, weekly administration - PS rate: 11/40=25%) versus children who received vitamin D without 
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In the next theory section I will review the literature on the role of epicutaneous exposure in the 

development of PS and PA. However, first I will discuss eczema and its relationship with food allergy as the 

consistent association between early onset, severe eczema and PA is one of the arguments used to support 

the hypothesis of children becoming sensitized through inflamed and broken skin (as is found in eczema). 
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Figure 7: Onset of eczema and IgE mediated food allergy in the EPAAC study. 

Created using data obtained from Hill et al. (2007) (146) 

 

Figure 8: Eczema severity and IgE mediated food allergy (defined by 90-95% PPV) in the EPAAC study. 

Created from data obtained from Hill et al. (2007) (146)  
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3.4 IgE mediated food allergy in children with a history of infantile eczema 

In the general population, the rate of confirmed food allergy in children ranges between 5-8%;(2;3) however 

this is much higher in children with atopic eczema. The European Academy of Allergy and Immunology 

(EAACI) published a position paper on eczematous reactions to food in atopic eczema.(150) The prevalence 

of food allergy in children with eczema ranged from 33-81% in 8 studies (Table 1). (151-158)  I performed a 

random effects statistical analysis on the rate of clinically confirmed IgE mediated food allergy in children 

with eczema in the studies published in this review, including the prevalence of food allergy and sample size 

of each study. The pooled rate of food allergy in children with eczema (ranging from mild to severe) was 

50% (95% CI: 37-62%) (Figure 9, p83). This calculation was obtained using random effects by 

incorporating the sample size and percentage of children with IgE mediated food allergy. The EAACI 

position paper incorrectly stated that in the study by Niggemann et al. (1999) the rate of IgE mediated food 

allergy in children with eczema was 51%; this is because they used the number of positive challenges 51% 

(131/259 challenges) rather than the number of children with at least one positive challenge which was 

87/107 (81%). (150)  

Eczema within the first 6 months of life was specifically shown to be a risk factor for PA (confirmed by 

diagnostic OFC) in the ALSPAC study, a longitudinal birth cohort study (see Section 2.1).(49) There was an 

association between PA and a rash over joints and skin creases in the first 6 months of life (OR 2.6; 95% CI: 

1.4-5.0), and an oozing, crusted rash in the first 6 months of life (OR 5.2; 95% CI: 2.7-10.2). Additionally, 

there was a dose-response for PA with increasing severity of eczema within the first 6 months of life (the 

most severe eczema category had an OR 43.5, 95% CI: 5.79-327.13). Questionnaires to determine rashes 

observed in the child and their severity were collected prospectively at 1, 6, 15 and 16 months of age.  

  











86 

 

 

 

3.6.1 Animal models of epicutaneous allergen application leading to eczema 

In several murine models, epicutaneous exposure has been shown to lead to local eczema at the site of antigen 

application. The eczema at the site of allergen application was characterised by spongiosis, infiltration by CD4+ 

T cells, eosinophils, mast cells and local expression of mRNA for the cytokines IL4, IL5 and IL13. (165;166) This 

mimics the immunohistological analysis of affected acute eczematous lesions in humans where there is a 

significant increase in the number of cells expressing IL4, IL5 and IL13 mRNA and protein, suggesting 

preferential accumulation of Th2 cells. In mouse models, local eczema eruptions following epicutaneous 

exposure resolved with treatment with topical steroids. (166) Figure 10 depicts the eczematous reaction of murine 

skin which was shaved with an electric razor and then had a patch applied with Aspergillus fumigatus (a mould 

allergen which is commonly used to induce inhalant sensitization) versus skin which was shaved but had only 

phosphate buffered saline (PBS) applied as a patch to the skin as a negative control. (167)  This experiment 

demonstrated that it was the application of Aspergillus fumigatus rather than just the skin shaving or patch 

application that led to eczema.  

 

 
Spergel et al. (1999) showed that eczema following epicutaneous allergen application was Th2 dependent using 

mice genetically modified to be deficient in IL4 and IL5. (168) In their study murine skin was shaved with an 

electric razor and a patch of OVA was applied. OVA-patched skin from IL5 and IL4 deficient mice had no or 

significantly reduced eosinophils, reduced epidermal thickening and no thickening of the dermis in contrast 

with control mice. These results suggest the presence of a Th2 pathway for eczema induced by epicutaneous 

application of antigen onto shaved skin.  
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Figure 10: Skin of BALB/c mouse following epicutaneous exposure to Aspergillus fumigatus vs. PBS.  

Reprinted from Akei et al. (2010) with permission from Elsevier.(167)  

 
 

3.6.2 Epicutaneous sensitization and allergen specific systemic reactions in mice 

In murine models, epicutaneous sensitization to food allergens has been shown to lead to systemic reactions, 

including fatal anaphylaxis, on subsequent oral exposure. This is relevant as oral exposure to an allergen (to 

which the individual is allergic) is the usual means by which humans have more severe allergic reactions. In an 

experimental model Hsieh et al. (2003) shaved the skin on the back of BALB/c and C57BL/6 mice and applied 

a 100 µg OVA impregnated patch for a week on three consecutive occasions. (169) Seven days following the last 

patch application, these mice developed high OVA-sIgE and IgG1 (capable of inducing mouse mast cell 

degradation and anaphylaxis). Following epicutaneous sensitization, mice were challenged with OVA (50mg) 

via an intragastric feed and anaphylaxis was confirmed by symptomatology, raised histamine levels in their 

serum and histological changes in the gut and lungs. Mice developed anaphylaxis at either Grade 3 (wheezing, 

laboured respiration, and cyanosis around the mouth and tail) or Grade 4 (slight or no activity after prodding, or 

tremor and convulsion) in 7 out of 8 (88%) cases. This allergic reaction was Th2 dependent, as when BALB/c 

mice were injected intraperitoneally with anti-IL4 antibodies, epicutaneous application of OVA failed to 

provoke an IgE mediated allergic reaction on subsequent oral challenge. Several murine studies have further 
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Unfortunately, no lung-homing markers for Th cells have as yet been identified, thus the mechanism of 

sensitization via the respiratory tract cannot be assessed by isolating these Th cells to assess recall responses to 

peanut.  

 

3.6.5 Epicutaneous sensitization and eosinophilic eosophagitis  

Epicutaneous exposure onto abraded skin in mice does not only lead to eczema, respiratory and systemic 

allergic responses but also primes the mouse for developing eosinophilic eosophagitis (178) via a Th2 dependent 

method. BALB/c mice were shaved and allergen (100 µg of OVA or 100 µg of Aspergillus fumigatus mould) 

was repeatedly applied using a patch onto abraded skin. Eosinophilic inflammation of the oesophagus was only 

achieved if epicutaneous sensitization with OVA or Aspergillus preceded an airway challenge with OVA or 

Aspergillus respectively. (178) Using mice deficient in IL4, 5, 13 or STAT6 (a Th2 transcription factor) Akei et 

al. (2005) found that IL5 was the most important Th2 mediator for eosinophilic eosophagitis but that IL4, IL13 

and STAT6 also contributed towards its pathogenesis. IL13 has also been shown to directly decrease FLG 

expression in the eosophagus of humans with eosinophilic eosophagitis. Eosophageal expression of FLG 

mRNA is downregulated in humans with eosinophilic eosophagitis, and normalizes after successful eosinophilic 

eosophagitis treatment. (179) However, FLG mutation 2282del4 is also overrepresented in patients with 

eosinophilic eosophagitis, thus may have a role in its aetiology. FLG is expressed in the oral mucosa (mRNA 

and protein), (180) and may be expressed in the upper esophageal mucosa (mRNA but not protein) (181) and 

stomach (mRNA only) (182) but is not present in the small intestine.(182) (see Table 15, p264). 

 

3.6.6 Epicutaneous exposure prevents oral tolerance acquisition 

BALB/c mice underwent epicutaneous sensitization to peanut which induced peanut specific T cell proliferation 

from LNs and spleen, and serum peanut sIgE, IgG1 and IL4. (183) When these mice were fed 100mg of peanut 
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protein 20 days after epicutaneous sensitization (which has been previously been shown to induce oral tolerance 

in Section 2.5), this led to even higher levels of peanut sIgE/IgG1 and IL4 from draining LNs, peanut specific T 

cell proliferative responses and hind foot pad swelling (following peanut injection) than PBS fed control mice. 

Additionally, epicutaneous peanut exposure disrupted previously established oral tolerance to peanut, and led to 

peanut specific T cell proliferation, IL4 and IL10 (a Th2 cytokine in mice)(184) production and hind foot-pad 

swelling (following peanut injection) greater than control mice. Thus epicutaneous peanut exposure onto 

abraded skin was both able to prevent oral tolerance induction and partially switch off pre-established peanut 

oral tolerance. This may explain why some children develop certain food allergies after many years of tolerating 

these foods in their diet, and why some children are resistant to oral tolerance induction. Epicutaneous exposure 

to peanut in a child with a disrupted inflamed skin barrier could lead to immunological changes via facilitated 

antigen presentation (see section 3.10) and lead to a Th2 predominant response to peanut; this could both 

initiate a de novo allergy (usually in a child no longer regularly consuming peanut) or prevent the acquisition of 

tolerance during both the normal weaning process in infancy and in oral peanut immunotherapy trials. 

 

3.6.7 Summary of animal evidence and limitations of extrapolation to humans 

There is a significant body of animal evidence that indicates that epicutaneous exposure onto abraded skin 

primes the mouse for allergen specific systemic, airway and gastrointestinal allergic responses via a Th2 

dependent mechanism. More recently allergen specific systemic reactions were replicated after epicutaneous 

sensitization to peanut on intact skin, as peanut was found to have adjuvant properties that obviated the need for 

skin abrasion or concomitant adjuvants.(174) However, it is important to highlight the differences between mouse 

models and allergic processes in humans. Wild mice do not naturally exhibit food or aeroallergen sensitization 

and related allergies, (185) whereas these are reasonably common in humans and very common in humans who 

have a history of infantile eczema. Thus the mice used in the experiments described previously have been bred 
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Figure 12: Interleukin-9 is required for allergic airway inflammation mediated by the cytokine TSLP 

Reproduced with permission from Elsevier from Yao et al. 2013.(224) 

 

3.9.4 IL9 and mast cells in epicutaneous sensitization and clinical reactivity 

IL9 is raised in the skin(226) and serum(227) of patients with atopic eczema versus patient without atopic eczema; 

it is even further raised in the serum of children with severe atopic eczema.(227) In mouse models of 

epicutaneous sensitization, IL9 is induced by tape stripping, (228) potentially via TSLP as described in Section 

3.9.3 and Figure 12. One of the main functions of IL9 is to promote mast cell differentiation and proliferation in 

response to an antigen (see Section 1.6 for function of mast cells in allergic reaction).  In the presence of antigen 

specific IgE and antigen, IL9 also activates mast cells and promotes the secretion of pro-allergic cytokines IL13, 

IL4, IL5, IL9 and IL10 (a Th2 cytokine in mice) from mast cells in-vitro. (229;230) To date there is no study which 

has assessed the role of Il9 in mast cell migration from the skin to skin-draining LNs following epicutaneous 
































































































































































































































































































































































































































































































































































































































