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1  | INTRODUC TION

Epithelial barrier dysfunction is a hallmark of atopic dermatitis (AD) and 
is attributable to a combination of structural, genetic, and environmen‐
tal factors. Evidence suggests that early epithelial barrier dysfunction 
precedes the onset of AD and related allergic disorders. Kelleher et al 
found that increased transepidermal water loss (TEWL), a surrogate 
marker for skin barrier integrity, in the first week of life was associ‐
ated with an increased risk of developing AD at 12 months of age.1 
There is also a strong causal relationship between AD and food allergy 
as a large proportion of infants with moderate‐to‐severe AD are also 
food‐sensitized or food‐allergic.2-4 Infants with early‐onset AD are at 
increased risk of developing other allergic diseases such as asthma and 
allergic rhinitis in later childhood, in what has been termed the “atopic 
march.”5,6 Data from clinical studies also suggest that food sensitization 

and/or food allergies in early life are risk factors for the development of 
new allergen sensitization and allergic airway disorders.7,8

This review aims to describe the mechanisms underpinning the 
development of epicutaneous sensitization to food allergens and its 
progression to clinical food allergy, summarize current evidence for 
interventions to halt the progression from AD to sensitization and 
food allergy, and discuss unmet needs and future research directions.

2  | SKIN BARRIER DYSFUNC TION IN AD

The skin is an important physical and immunologic barrier against 
the external environment, allergens, and microbes. Differentiating 
keratinocytes in the stratum basale (basal layer) progressively mi‐
grate upwards to reach the stratum corneum where they become 
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Abstract
Atopic dermatitis (AD) is a chronic inflammatory skin disease mainly affecting children, 
which has no definitive curative therapy apart from natural outgrowing. AD is persis‐
tent in 30%‐40% of children. Epithelial barrier dysfunction in AD is a significant risk 
factor for the development of epicutaneous food sensitization, food allergy, and other 
allergic disorders. There is evidence that prophylactic emollient applications from 
birth may be useful for primary prevention of AD, but biomarkers are needed to guide 
cost‐effective targeted therapy for high‐risk individuals. In established early‐onset AD, 
secondary preventive strategies are needed to attenuate progression to other allergic 
disorders such as food allergy, asthma, and allergic rhinitis (the atopic march). This re‐
view aims to describe the mechanisms underpinning the development of epicutaneous 
sensitization to food allergens and progression to clinical food allergy; summarize cur‐
rent evidence for interventions to halt the progression from AD to food sensitization 
and clinical food allergy; and highlight unmet needs and directions for future research.
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terminally differentiated and form corneocytes. The stratum cor‐
neum is made up of a cornified protein envelope containing corneo‐
cytes and keratin filaments which are cross‐linked by filaggrin (FLG) 
and other structural proteins such as loricrin (LOR) and involucrin 
(IVL). Keratinocytes produce epidermal lipids, such as ceramides, 
which fill the spaces between corneocytes to form an impermeable 
hydrophobic skin barrier.9 Skin barrier integrity can be compromised 
by mutations in the FLG gene10 or other skin barrier proteins such 
as SPINK511 and corneodesmosin12 which result in reduced expres‐
sion of these and other structural skin barrier proteins including IVL 
and LOR; as well as deficiency of antimicrobial peptides (AMPs), 
altered epidermal lipid production, skin microbiome dysbiosis, and 
immune dysregulation.13 External factors such as repetitive scratch‐
ing, reduced environmental humidity, allergens, bacteria such as 
Staphylococcus aureus, and topical irritants also inflict further me‐
chanical damage to the skin barrier.

Th2 cytokines (IL‐4/IL‐13), which are predominant in AD, 
suppress the expression of epidermal proteins and ceramides, 
decrease antimicrobial peptide production by keratinocytes, 
and inhibit keratinocyte differentiation.14,15 Studies in different 
ethnic populations also support the role of other cytokines such 
as Th17 and Th22 responses in Asian and African populations, 
respectively.16,17

The skin microbiome also plays an important role in AD patho‐
genesis and modulates disease trajectory. Up to 90% of AD patients 
are colonized with Staphylococcus aureus (S  aureus). Pathogenic 
S aureus strains are more prevalent in AD skin than normal controls 
and are responsible for perpetuating disease persistence and mor‐
bidity.18,19 The skin microbiome dysbiosis in AD exacerbates skin 
barrier dysfunction, enhancing epicutaneous allergen sensitization. 
These skin changes are evident even at non‐lesional sites20 and are 
able to distinguish AD with food allergy from AD non‐food allergy 
endophenotypes.21

Staphylococcus aureus superantigens stimulate IgE‐mediated cy‐
tokine pathways, propagating downstream inflammatory responses 
without the need for antigen‐presenting cells.22,23 They also induce 
glucocorticoid resistance,24 contributing to failure of first‐line topical 
steroid therapy in colonized patients, who may then require escalation 
to more potent immunomodulators.25 Other pathogenic properties of 
S aureus include elaboration of α‐toxin,26 a potent cytolysin responsible 
for keratinocyte cell death, protein A,27 lipoteichoic acid (LTA),28 prote‐
ases,29 and the formation of biofilms30 which act in tandem to disrupt 
the epidermal skin barrier. Clonal expansion of a single S aureus strain 
was observed in severe AD disease flares, which induced epidermal 
thickening and inflammatory responses in a murine skin model, to a 
significantly greater extent than those induced by commensal S epider‐
midis or S aureus isolates from patients with lower AD severity.31

Staphylococcal‐derived superantigens, such as staphylococcal 
enterotoxin B (SEB), also enhance Th2 inflammation in the skin in 
response to peanut allergens and drive the development of peanut 
allergy.32 Jones et al33 also observed that colonization with S aureus, 
particularly methicillin‐resistant S aureus (MRSA), was associated with 
a higher risk of food allergy. 

3  | MECHANISMS FOR DE VELOPMENT OF 
EPICUTANEOUS SENSITIZ ATION TO FOOD 
ALLERGENS

There is now a considerable body of evidence demonstrating the 
mechanisms behind the development of epicutaneous food sensi‐
tization and pathways leading to clinical food allergy (Figure 1). The 
dual‐allergen exposure hypothesis postulates that epicutaneous food 
sensitization occurs through an impaired skin barrier such as in AD, 
allowing allergen penetrance and cytokine dysregulation, which cul‐
minates in clinical food allergy. Early oral exposure to food allergens, 
however, promotes immune tolerance, potentially preventing develop‐
ment of food allergy.34 Oral tolerance occurs when antigen‐present‐
ing cells in the gut mucosa are exposed to food allergens and induce 
differentiation of naive T cells into α4β7+ gut‐homing T cells.35 These 
Tregs in turn induce production of Foxp3+ Tregs and elaboration of cy‐
tokines such as IL‐10 and TGF‐β, which inhibit Th2‐dependent allergic 
responses and mast cell degranulation as well as production of IgG4.36 
Clinical food allergy thus occurs in the setting of a loss of skin barrier 
integrity, alongside a failure to achieve oral tolerance.

Genetic aberrations in skin barrier genes, such as loss‐of‐func‐
tion mutations in FLG and SPINK5, result in reduced production of 
structural skin barrier proteins which are essential for the formation 
of an intact skin barrier, and have been linked to increased risks of 
food sensitization and/or food allergy. 11,37

Clinical studies also support this observation. Increased TEWL 
in 2‐day‐old neonates in the Babies After Scope: Evaluating the 
Longitudinal Impact Using Neurological and Nutritional Endpoints 
(BASELINE) birth cohort was predictive of food allergy at 2 years.38 
The Melbourne Atopy Cohort Study reported that children with AD 
at 6 months had increased risks of developing new‐onset food and 
inhalant sensitization at 1 and 2  years of age.39 In the Australian 
HealthNuts cohort, infants with AD within 1st year of life were 6 
times more likely to have egg allergy and 11 times more likely to have 
peanut allergy by 12 months, particularly those with early‐onset AD 
(<3 months of age) and those who had required topical steroid ther‐
apy.40 African children with AD were also found to have a high preva‐
lence of concomitant egg sensitization (54%) and egg allergy (25%).41

High environmental food allergen exposures increase the risks 
of epicutaneous food sensitization, particularly in the setting of skin 

Key Message
Epicutaneous sensitization to food allergens in atopic der‐
matitis arises through an impaired skin barrier, skin micro‐
bial dysbiosis and immune dysregulation. This article review 
mechanisms behind these pathways and progression to 
clinical food allergy; summarizes current evidence for inter‐
ventions to halt the progression from AD to food sensitiza‐
tion and clinical food allergy and highlights unmet needs and 
directions for future research.
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barrier dysfunction. Adult occupational kitchen workers are exposed 
to frequent food handling. Kitchen workers with current hand ec‐
zema were found to have a 2‐fold increased risk of current food al‐
lergy (adjusted odds ratio 2.4, 95% CI 1.6‐3.7) compared to healthy 
controls.42 A greater severity of hand eczema also correlated with a 
higher likelihood of reported food‐allergic symptoms and a diagnosis 
of food allergy.

In the Avon Longitudinal Study of Parents and Children, the ap‐
plication of peanut‐containing skin preparations on inflamed skin 
was significantly associated with peanut allergy. 43 Brough et al44 
further described that environmental peanut protein levels in house‐
hold dust were associated with increased odds of peanut sensitiza‐
tion and peanut allergy. These risks were augmented in children with 
AD, particularly those with increased AD severity and those with 
FLG mutations.44,45

New‐onset IgE‐mediated wheat protein allergy and wheat‐de‐
pendent exercise‐induced anaphylaxis (WDEIA) cases were re‐
ported in previously healthy Japanese adults after topical exposure 

to hydrolyzed wheat protein‐containing facial soap on intact facial 
skin, which were attributed to epicutaneous sensitization to a high 
molecular weight glutenin allergenic epitope.46,47 These findings 
suggest that skin exposures to high concentrations of environmen‐
tal food allergens increase the risks of epicutaneous sensitization, 
mainly in damaged skin.

4  | MECHANISTIC STUDIES

Evidence from mechanistic studies also demonstrates the immu‐
nologic pathways involved in the progression from epicutaneous 
sensitization to food allergy. A murine model of epicutaneous sensi‐
tization demonstrated that the application of food allergens on tape‐
stripped skin induced microscopic skin damage and inflammation 
akin to the skin barrier disruption seen in AD.48 This was followed 
by recruitment of activated dendritic cells to the draining lymph 
nodes and expansion of allergen‐specific IgG1 humoral responses 

F I G U R E  1   Epicutaneous sensitization in atopic dermatitis and intervention strategies. In atopic dermatitis (AD), an impaired skin 
barrier, skin microbiome dysbiosis, and cytokine dysregulation, along with subclinical environmental food allergen exposures, enhance risks 
of allergen sensitization and progression to clinical food allergy. Th2 cytokines also in turn suppress expression of skin barrier proteins 
which perpetuates the skin barrier defect. Intervention strategies under research currently target the various stages in the pathway: AD 
prevention, prevention of allergen sensitization, and prevention of secondary food sensitization/food allergy as well as induction of food 
allergy tolerance through early introduction of allergenic food (peanut and egg) in high‐risk infants. The mechanism of oral tolerance occurs 
on exposure of antigen‐presenting cells in the gut mucosa to food allergens, which induce differentiation of naive T cells into α4β7+ gut‐
homing T cells.  These Tregs in turn induce production of Foxp3+ Tregs and elaboration of cytokines such as IL‐10 and TGF‐β, which inhibit 
Th2‐dependent allergic responses and mast cell degranulation as well as production of IgG4



10  |     THAM et al.

in the B‐cell compartment of germinal centers in the early stages of 
epicutaneous food sensitization, generating a memory population of 
IgG1+ B cells. Repeated subclinical allergen exposure resulted in the 
generation of IgE+ germinal center B cells and serum IgE, demon‐
strating the progression from epicutaneous sensitization to IgE‐me‐
diated food sensitization and food allergy.

Chan et al35 found a trend toward Th2 skewing in skin‐homing 
CLA+ cells of peanut‐allergic subjects, suggesting that allergic sensi‐
tization occurs through the skin, whereas Th1 skewing in gastrointes‐
tinal (GI)‐homing α4β7+ cells of peanut‐tolerant subjects suggested 
that allergen exposure through the GI tract promotes tolerance 
(Figure 1). Strid et al observed that epicutaneous exposure to peanut 
protein in mice induced strong systemic Th2‐type responses with 
high levels of IL‐4 and serum IgE, which prevented the subsequent 

induction of oral tolerance to peanut in an antigen‐specific man‐
ner.49 Upon oral peanut challenge, mice became further sensitized 
and developed strong peanut‐specific IL‐4 and IgE responses. Mice 
which were initially peanut‐tolerant also became partly sensitized 
following epicutaneous peanut exposure. In another study, epicu‐
taneous sensitization of mice via topical applications of OVA on 
tape‐stripped skin resulted in IgE‐dependent intestinal mast cell 
expansion, increased serum IL‐4 levels, and systemic anaphylaxis 
following oral OVA challenge.50 Noti et al51 found that OVA/pea‐
nut epicutaneously sensitized mice demonstrated TSLP‐dependent 
basophil expansion in the skin, antigen‐specific Th2 cytokine re‐
sponses, increased antigen‐specific serum IgE levels, and accumula‐
tion of mast cells in the intestine akin to IgE‐mediated food allergy. 
Disruption of the TSLP‐basophil axis was able to inhibit this allergic 

TA B L E  1  Strategies for prevention of AD, food sensitization, and food allergy

Strategy Outcome References

Prevention of AD

Topical emollients from birth Prevention of AD Simpson,56 Horimukai57

Topical emollients (trilipid‐rich ceramide‐dominant) 
from birth

Prevention of AD Lowe59

Probiotic supplementation in pregnancy or infancy Weak evidence for prevention of AD Doege,63 Wickens,64 Cuello‐Garcia,65 
Fiocchi66

Prebiotics Insufficient evidence for AD prevention Greer67

Hydrolyzed formulas

Vitamin D supplementation

Timing of solid food introduction Insufficient evidence for AD prevention Waidyatillake68

Prevention of food sensitization

Aggressive AD treatment (PACI trial) Prevention of food sensitization Ohya69

Environmental food allergen avoidance No studies No studies

Breastfeeding alongside gluten introduction Does not prevent wheat sensitization and 
allergy

Chmielewska 77

Early egg introduction Reduction in egg sensitization Tan98

Prevention of food allergies

Food allergen avoidance in pregnancy Does not prevent food allergies Kramer81

Food allergen avoidance or delayed introduction in 
infancy

Does not prevent food allergies Snijders,82 Poole,83 Katz,84 Du toit,85 
Koplin,86 Zeiger,87 Kajosaari,88 
Zutavern89

Early peanut introduction in high‐risk infants (LEAP and 
LEAP‐On)

Prevention of peanut allergy Du toit92

Du toit93

Early introduction of heated egg in a 2‐step regimen Prevention of egg allergy Natsume100

Timing of solid food introduction Insufficient evidence for food allergy 
prevention

Obbagy107

Dietary diversity Insufficient evidence for food allergy 
prevention

Obbagy107

Dietary patterns Insufficient evidence for food allergy 
prevention

Obbagy107

Prevention of secondary food sensitization or food allergy

Epicutaneous immunotherapy (EPIT) in OVA‐sensitized 
mice

Protective effect against OVA‐induced 
anaphylaxis

Tordesillas110

Milk‐specific EPIT in milk‐sensitized mice Prevention of peanut and HDM 
sensitization

Mondoulet111
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response. Infiltration of IL‐4‐competent basophils and eosinophils 
was observed in the skin of these mice, indicating the central role of 
TSLP‐dependent basophils in mediating Th2 responses in the patho‐
genesis of epicutaneously induced intestinal food allergy.52

Galand et al53 showed that mechanical skin damage induced by 
tape stripping induced local and systemic IL‐33 release in OVA‐sen‐
sitized mice, enhancing IgE‐mediated mast cell degranulation and 
induced anaphylaxis upon oral antigen challenge. Conversely, dis‐
ruption of IL‐33 signaling through blockade of ST2 (the IL‐33 recep‐
tor) inhibited these anaphylactic responses.

5  | INTERVENTIONAL STR ATEGIES

Established AD has no definitive cure, apart from natural outgrowing 
in a proportion of children. Several birth cohort studies have indi‐
cated that between 30% and 40% of children with early‐onset AD 
have persistent disease at 7‐10 years of age.54,55 Current interven‐
tional strategies target the various stages in the epicutaneous sensi‐
tization‐food allergy axis, in order to arrest progression through the 
atopic march. (Table 1 and Figure 1).

5.1 | Primary prevention of AD

Simpson et al56 demonstrated that regular application of emollients 
from birth reduced the incidence of AD in high‐risk 6‐month‐old in‐
fants (with a family history of AD) in the United States. At the same 
time, Horimukai et al57 also reported reduced AD risk in 8‐month‐old 
high‐risk Japanese infants who had been given prophylactic emol‐
lients from birth. In the latter study, children in the treatment group 
had a lower skin pH and increased proportions of commensal organ‐
isms at various skin sites compared to the control group, suggesting 
that these mechanisms may contribute to the preventive effects of 
emollients in high‐risk infants.58 The Prevention of AD By a Barrier 
Lipid Equilibrium Strategy (PEBBLES) study is an ongoing randomized 
controlled trial of 760 high‐risk infants in whom topical applications 
of a trilipid‐rich ceramide‐dominant emollient were commenced 
from birth up to 6 months of age. Preliminary findings from this co‐
hort showed decreased food sensitization at age 6 and 12 months in 
the treatment group compared to controls.59 Further follow‐up of 
these infants is ongoing to evaluate the efficacy of this intervention 
against challenge‐proven food allergy by age 12 months, as well as 
skin barrier function, AD severity, and new‐onset AD after treatment 
cessation.60 Several other large ongoing trials aim to assess the ef‐
ficacy of regular moisturizing for skin barrier protection in early life 
against the development of not just AD, but also challenge‐proven 
food allergy and allergic airway diseases.61,62

Consensus statements agree that there may be some evidence 
that probiotic supplementation in pregnancy or infancy is protective 
against the development of AD, but no protection against food allergy 
or other allergic disorders has yet been proven.63-66 There is also in‐
sufficient evidence for the use of other nutritive interventions such 
as prebiotics, hydrolyzed formulas, or vitamin D supplementation in 

the primary prevention of allergic diseases.67 A recent systematic 
review also concluded that there is currently insufficient evidence 
to provide recommendations on timing of solid food (allergenic and 
non‐allergenic) introduction for AD prevention.68

5.2 | Secondary prevention

5.2.1 | Preventing food sensitization

Secondary prevention involves interventions targeted at high‐risk 
infants or children with AD, or food sensitization without clinical 
food allergy, aiming to prevent progression to clinical food allergy.

In established AD, early aggressive treatment aimed at reducing 
skin inflammation and repairing the defective skin barrier, thereby 
reducing the risks of developing food sensitization and food allergy. 
Individualized, stepwise treatment regimens are essential for chil‐
dren with AD, which comprise combinations of topical moisturizers 
for skin hydration and prevention of flares, topical anti‐inflamma‐
tory medications, allergen avoidance, and early effective treatment 
of skin infections. The Japanese Prevention of Allergy via Cutaneous 
Intervention (PACI) study is an ongoing randomized controlled trial 
that plans to measure the effects of aggressive (proactive) treatment 
of 7‐ to 13‐week‐old infants with AD versus standard (reactive) AD 
treatment for the prevention of challenge‐proven IgE‐mediated 
hen's egg allergy at 28 weeks of age.69

Reduction of environmental food allergen exposures may theo‐
retically reduce risks of epicutaneous sensitization. However, sub‐
clinical environmental food allergen exposures are thought to be 
unable to induce overt allergic reactions but are able to induce food 
sensitization.48,70,71 Peanut protein spreads easily around a pea‐
nut‐consuming home72 and is resistant to usual cleaning methods 
and may only be removed by the use of multiple different cleaning 
agents.73 Peanut protein can also be transferred into the environ‐
ment by means of hand transfer and saliva but is less likely to be 
aerosolized into vapor form to induce allergic reactions through in‐
halation.72,73 However, case reports of allergic reactions to airborne 
food particles have been reported.74,75

In peanut‐allergic children, household peanut consumption was 
positively correlated with peanut protein levels in the infant's bed‐
sheet and play area.76 Household dust samples containing high pea‐
nut protein levels induced dose‐dependent activation of basophils in 
children with peanut allergy, suggesting that environmental peanut 
protein exposures are linked to induction of food sensitization and 
food allergy. The efficacy of food allergen environmental avoidance 
measures for prevention of food sensitization, however, is currently 
doubtful. Restricting exposure to food allergens in the environment 
is practically impossible to achieve and difficult to study in formal 
randomized controlled trials. There are currently no studies avail‐
able which investigate environmental food allergen avoidance for 
prevention of food sensitization.

A systematic review looking at early feeding practices and wheat 
sensitization/allergy found no evidence supporting the effective‐
ness of breastfeeding alongside gluten introduction against wheat 
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sensitization or wheat allergy.77 Early introduction of gluten might 
reduce the risk of wheat sensitization, but there is currently no evi‐
dence that it reduces the risk of wheat allergy.

5.2.2 | Preventing progression to clinical 
food allergy

Early proponents of environmental allergen avoidance suggested 
that food allergen avoidance in pregnancy or early life could pre‐
vent development of food allergies.78 The American Academy of 
Pediatrics (AAP) also recommended avoidance of cow's milk, egg, 
fish, peanuts, and tree nuts during lactation and that solid foods 
should not be introduced into the diet of high‐risk infants until 
6 months of age, with dairy products delayed until 1 year; eggs until 
2 years; and peanuts, nuts, and fish until 3 years of age.79 However, 
the prevalence of food allergies continued to rise over the ensuing 
two decades despite these measures.80

Newer studies have since debunked this hypothesis. A systematic 
review by Kramer & Kakuma found that “prescription of an antigen 
avoidance diet to a high‐risk woman during pregnancy was unlikely 
to reduce substantially her child's risk of atopic diseases, and such a 
diet may adversely affect maternal or fetal nutrition, or both.”81 Katz 
et al82 observed that the delayed introduction of cow milk and other 
solid foods was associated with a higher risk for eczema and other 
atopic diseases at age 2 years. Delayed introduction of cereal grains 
after 6 months of life was also associated with an increased risk of 
IgE‐mediated wheat allergy.83 Israeli infants exposed to cow's milk 
in the first 14 days of life were also less likely to become cow's milk 
allergic compared to those with first exposure after 14 days.84 Du 
Toit et al85 observed a 10‐fold lower prevalence of peanut allergy 
in Israeli children who consumed peanuts from early life, compared 
to peanut‐avoiding Jewish children living in the UK. The Australian 
HealthNuts cohort also showed that delayed introduction of egg into 
infants’ diets after 12 months of age was associated with a threefold 
higher risk of egg allergy86 and that early introduction of cooked egg 
between the age of 4 and 6 months reduced this risk.

In response to the lack of evidence that delaying introduction 
of solids and allergenic foods had any protective effects on the 
development of food allergies,87-89 both the AAP and the National 
Institute of Allergy and Infectious Diseases (NIAID) replaced out‐
dated guidelines with new recommendations that solid foods should 
not be delayed beyond 4‐6 months of age.90,91

Several randomized controlled trials subsequently showed that 
early introduction of allergenic foods such as peanut or egg to high‐
risk infants with severe AD or pre‐existing food sensitization might 
reduce the risk of developing peanut or egg allergies, respectively. 
Four‐ to eleven‐month‐old high‐risk infants with severe AD and/or 
egg allergy and peanut skin prick test (SPT) responses of 1‐4 mm 
were enrolled in the Learning Early About Peanut Allergy (LEAP) 
trial. Infants randomized to consume 6 g of peanut protein at least 3 
times a week, or 2 g 3 times a week, had an 81.4% lower risk of devel‐
oping challenge‐proven peanut allergy by age 5 years, compared to 
those who completely avoided peanut.92 This effect was sustained 

up to 72 months.93 This was the first Level 1 evidence indicating that 
early, rather than delayed, introduction of food allergens (specifically 
peanut) into the diet of high‐risk infants could reduce the risk of de‐
veloping food allergies. Several international bodies in Europe, the 
United States, and Australia then released guidelines recommending 
the early introduction of peanut in high‐risk populations for the pre‐
vention of peanut allergy.94-96

Several other trials on the early introduction of allergenic foods 
have also been published.97 Earlier trials did not show convincing ev‐
idence that the early introduction of egg (pasteurized whole egg, egg 
white powder, or heated egg powder) or other allergenic foods, apart 
from peanut, was able to reduce the risk of food allergy in normal or 
high‐risk infants. While Tan et al98 observed a significant reduction 
in egg sensitization at 1 year of age in infants in the early egg intro‐
duction group, this did not translate to a reduced risk of symptomatic 
allergy. In the Enquiring About Tolerance (EAT) study, normal‐risk, 
fully breastfed 3‐month‐old infants in the UK were randomized reg‐
ularly to consume 6 allergenic foods (peanut, cooked egg, cow's milk, 
sesame, white fish, and wheat) or to continue exclusive breastfeed‐
ing to around 6 months of age before introducing allergenic foods. 
However, the intention‐to‐treat analysis found no significant protec‐
tion of early allergenic food introduction against food allergy devel‐
opment.99 The PETIT (Prevention of Egg allergy with Tiny amount 
InTake) study, which investigated the effects of early introduction 
of heated egg powder to high‐risk Japanese infants with AD on the 
development of egg allergy,100 found that infants who consumed 
50 mg heated whole egg powder between 6 and 9 months of age, 
then 250 mg between 9 and 12 months of age in a 2‐step regimen, 
had 30% lower risk of developing challenge‐proven hen's egg allergy 
at 12 months of age compared to the placebo group. AD severity in 
the intervention group, however, was lower than in the control group 
suggesting some degree of bias in the study. More well‐randomized 
trials are thus needed to confirm the utility of early heated egg intro‐
duction for egg allergy prevention in children with AD.

A recent systematic review and meta‐analysis indicated that 
there was “moderate‐certainty evidence that introduction of egg to 
the infant diet at age 4‐6 months was associated with reduced egg 
allergy and introduction of peanut at age 4‐10 months was associ‐
ated with reduced peanut allergy compared with later introduction 
of these foods.”97 The strength of evidence for egg introduction was 
weighted mainly by the PETIT study. Interestingly, although early 
peanut consumption reduced the risk of peanut allergy in high‐risk 
infants, this appears to be allergen‐specific as no protective effects 
were found against other food allergies such as tree nuts and ses‐
ame, other allergic disorders, or sensitization to other food allergens 
and also did not hasten the resolution of AD or egg allergy.101

The epidemiology and patterns of food allergy and anaphylaxis 
differ between geographic regions—such as a lower prevalence of 
overall food allergy; a relative paucity of peanut allergy and pre‐
dominance of egg and wheat allergy in Asia; and unusual allergens 
such as beef in Eastern Europe and local delicacies in China.102-105 
Recommendations for early introduction of allergenic foods in high‐
risk infants likely need to be modified to suit different populations.106
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There is currently also little evidence to indicate whether other 
interventions, such as the age of commencement of complementary 
feeding in general, dietary diversity, or dietary patterns, are protec‐
tive against food allergy.107

5.2.3 | Preventing progression to the atopic march

Epicutaneous immunotherapy (EPIT) is a relatively new therapeu‐
tic strategy which involves the topical application of relatively high 
concentrations of allergenic proteins on the skin of food‐allergic 
patients to achieve desensitization, and is proposed to be a safer 
alternative to oral immunotherapy, albeit with lower efficacy.108,109 
Chronic high doses of skin allergen exposure appear to induce IgG4‐
type responses compared to lower doses which skew toward Th2 
responses and allergic sensitization. This mechanism is postulated 
to be responsible for the tolerogenic effects of EPIT as opposed to 
increasing sensitization, which is seen in subclinical low levels of al‐
lergen exposure in the environment.

Novel secondary prevention strategies, currently at the pre‐
clinical stage in murine models only, have now also proposed that 
EPIT might be utilized as a novel treatment strategy in existing food 
allergy or food sensitization to attenuate risks of developing new 
food allergies and/or progression to other allergic disorders such as 
asthma and allergic rhinitis.

Mice were first sensitized to ovalbumin (OVA) orally or through 
the skin and then treated with EPIT using OVA‐Viaskin patches or 
OVA‐based oral immunotherapy.110 Mice were then orally chal‐
lenged with OVA to induce anaphylaxis. EPIT induced sustained pro‐
tection against OVA‐induced anaphylaxis through the generation of 
gastrointestinal‐homing LAP+ Foxp3‐ Treg cells. In another study, 
milk‐specific EPIT administered to milk‐sensitized mice prevented 
secondary sensitization to peanut or house dust mites.111 EPIT sig‐
nificantly modified humoral responses, reduced TH2 cytokine lev‐
els, decreased eosinophilic esophageal infiltration, and suppressed 
airway hyper‐responsiveness, and these protective effects were 
sustained over 2 months. Moreover, the adoptive transfer of milk 
EPIT Treg cells completely prevented sensitization to peanut and 
peanut‐induced anaphylaxis. Further work into the mechanisms 
through which EPIT induces tolerance showed that 2 weeks of EPIT 
in OVA‐sensitized mice induced Foxp3+ Treg cells in skin‐draining 
lymph nodes and spleen.112 After 8 weeks of treatment, these mice 
showed significant protection against anaphylaxis following oral 
challenge. At present, this has only been shown in one preclinical 
study and needs to be replicated in other in vivo models. Further 
research will subsequently be needed to evaluate the efficacy of this 
approach in larger human studies.

6  | FUTURE DIREC TIONS FOR RESE ARCH

6.1 | Microbiome manipulation

Manipulation of the skin microbiome to reduce dysbiosis or to 
restore the healthy microbiome may potentially alter AD disease 

course and associated morbidity. Myles et al113 found that topi‐
cal application of Roseomonas mucosa, a skin commensal, taken 
from the skin of healthy volunteers but not from patients with AD, 
was associated with enhanced barrier function, innate immunity 
activation, and control of S  aureus in an AD mouse model. In a 
follow‐up open‐label phase I/II trial (the Beginning Assessment of 
Cutaneous Treatment Efficacy for Roseomonas in atopic dermatitis 
trial; BACTERiAD I/II), treatment with R mucosa from healthy vol‐
unteers was associated with significant decreases in measures of 
disease severity, topical steroid requirement, and S aureus burden 
in AD subjects.114

In a separate study, coagulase‐negative Staphylococcus (CoNS) 
strains with antimicrobial activity, through the production of previ‐
ously unknown antimicrobial peptides (AMPs), were more commonly 
found on the skin of healthy subjects compared to AD subjects.115 
These AMPs were potent, strain‐specific, highly potent, and selec‐
tively killed S aureus on the skin of AD subjects. Colonization with 
a low frequency of these strains correlated with colonization by 
pathogenic S  aureus. These CoNS strains demonstrated anti‐S  au‐
reus activity when applied to mice and porcine in vivo skin models. 
Reintroduction of antimicrobial CoNS strains to human AD subjects 
furthermore decreased colonization by S aureus.

Skin microbiome transplants are now reaching clinical trials in 
human subjects. They involve the transfer of healthy skin microbi‐
ota from healthy volunteers onto AD skin with the aim of restoring 
a healthy skin microbiome, in the hopes of attaining long‐term AD 
control. There are now several ongoing randomized clinical trials in‐
vestigating the safety and efficacy of such targeted skin microbiome 
transplants on S aureus colonization in AD subjects [ClinicalTrials.gov 
identifiers NCT03151148 and NCT03158012]. These studies indi‐
cate exciting new possibilities for skin microbiome manipulation as 
a non‐invasive topically administered treatment modality for severe 
AD, which may eventually be a means toward secondary prevention of 
AD‐related comorbidities such as food sensitization, food allergy, and 
other allergic disorders. However, further in vitro and in vivo studies 
are needed to evaluate the efficacy of skin microbiome transplantation 
for AD prevention, epicutaneous food sensitization, and food allergy.

The gut microbiome is another potential target for interventions 
against food allergy. Evidence suggests that perturbations in gut 
microbiota are associated with AD in the first year of life and are 
also linked to food sensitization, food allergy, as well as other allergic 
disorders.116-120 The gut metabolome, specifically short‐chain fatty 
acids (SCFAs) which are the major metabolic end products of anaer‐
obic bacterial fermentation in the gut,121 may also play an import‐
ant role in the AD‐food allergy axis. Butyrate, an important SCFA, 
potently regulates inflammatory responses by modulating cytokine 
production, kinase activity, and transcription factors in various im‐
mune cell populations. It has been shown to increase the production 
of anti‐inflammatory lipid mediators,122 decreases proinflammatory 
cytokine expression via inhibition of NFκB activation and IκBα deg‐
radation,123 and exerts immunomodulatory effects on various im‐
mune cell populations such as dendritic cells, T cells, monocytes, and 
mast cells.124-127
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Roduit et al demonstrated that children with the highest levels 
of butyrate and propionate (≥95th percentile) in feces at 1 year of 
age had significantly less atopic sensitization and were less likely to 
have a reported diagnosis of food allergy.128 Infants with eczema by 
18 months also showed discordant microbiota development in the 
first 26 weeks of life, namely decreased composition of lactate‐uti‐
lizing butyrate producers, namely Eubacterium and Anaerostipes, 
which manifested with increased stool lactate and decreased butyr‐
ate levels.129

Dietary manipulation of the gut microbiome in AD for preven‐
tion of food sensitization and food allergy is a potentially impactful 
intervention to be explored in future studies. While there is cur‐
rently little evidence for the role of pre‐ or probiotics in food allergy 
prevention,130,131 this may be due to strain‐ or dose‐dependent lim‐
itations. Various types of infant diets, such as those consisting of 
high levels of fruits, vegetables, and home‐prepared foods,132 were 
reported to be associated with reduced risks of food allergy. More 
studies are needed to evaluate the effects of these interventions 
on the gut microbiota composition and the gut metabolome, and 
whether these play a role in food allergy prevention.

7  | CONTROVERSIES AND UNMET NEEDS

The skin plays an essential role in the pathogenesis of food allergy 
by having the ability to induce epicutaneous sensitization and is an 
emerging therapeutic medium for induction of tolerance through 
EPIT in established food allergy. The skin may also be a novel target 
for preventive strategies against de novo food allergy and develop‐
ment of multiple food allergies.

However, despite the plethora of knowledge on the mecha‐
nisms behind epicutaneous sensitization and the pathogenesis of 
food allergy, there are still many unmet needs. While high envi‐
ronmental food allergen levels have been shown to be linked to 
higher risks of food sensitization, interventions to reduce epicuta‐
neous sensitization through environmental allergen avoidance are 
difficult to achieve realistically. There are also no studies on the 
effects of airborne food allergens on epicutaneous sensitization, 
nor the efficacy of reducing such exposures against food allergy 
development.

Little is known about the threshold of subclinical allergen ex‐
posure required to induce epicutaneous sensitization, nor the de‐
gree of skin barrier impairment which would allow sensitization to 
occur, to guide preventive interventions. Many commercial skin 
products now incorporate food proteins into their formulations to 
cater to consumers desiring more natural or organic ingredients. In 
light of new evidence that high levels of topical skin exposure to cer‐
tain allergenic proteins can induce epicutaneous sensitization even 
through an intact skin barrier,46,47 controversy remains over whether 
there is a need for recommendations to avoid such exposures and to 
provide guidance for healthcare providers.

While primary preventive measures against AD such as pro‐
phylactic emollient therapy from birth show promise, predictive 

biomarkers are still needed to guide recommendations for cost‐ef‐
fective targeted therapy for high‐risk individuals.

Microbiome manipulation is an exciting new field which is a po‐
tentially non‐invasive measure for primary or secondary preventive 
measures against AD and food allergy development. However, cur‐
rent studies are only observational and mostly in in vivo models; 
thus, larger randomized controlled trials in humans are needed be‐
fore more definite recommendations can be made.
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