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Abstract: Food allergy represents a growing public health and socio-economic problem with an
increasing prevalence over the last two decades. Despite its substantial impact on the quality of life,
current treatment options for food allergy are limited to strict allergen avoidance and emergency
management, creating an urgent need for effective preventive strategies. Advances in the under-
standing of the food allergy pathogenesis allow to develop more precise approaches targeting specific
pathophysiological pathways. Recently, the skin has become an important target for food allergy
prevention strategies, as it has been hypothesized that allergen exposure through the impaired skin
barrier might induce an immune response resulting in subsequent development of food allergy. This
review aims to discuss current evidence supporting this complex interplay between the skin barrier
dysfunction and food allergy by highlighting the crucial role of epicutaneous sensitization in the
causality pathway leading to food allergen sensitization and progression to clinical food allergy. We
also summarize recently studied prophylactic and therapeutic interventions targeting the skin barrier
repair as an emerging food allergy prevention strategy and discuss current evidence controversies
and future challenges. Further studies are needed before these promising strategies can be routinely
implemented as prevention advice for the general population.
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1. Introduction

Food allergy is defined as an adverse, hypersensitivity reaction developing as a result
of a specific immune response which is repeatable after re-exposure to a given food [1].
Despite the difficulties in obtaining exact prevalence data, there is agreement that food
allergy has increased in the last 10–15 years and we are now riding a food allergy epidemic
with an estimated frequency of 3% to 10% in high-income countries [2,3]. Moreover, recent
findings indicate that severity of childhood food allergy is higher than previously assumed,
as an estimated 42% of children with food allergy had a history of at least one severe,
life-threatening allergic reaction and about 40% declared multiple food allergies [4,5].
Food allergies represent a considerable public health and socio-economic issue, but above
all can have a profound negative impact on quality of life of affected individuals and
their families [2,6–8]. The substantial psychological burden is further increased by the
absence of a cure and limited treatment options, largely based on strict allergens avoidance
and management of allergic reactions, the risk of which is significant due to ubiquitous
presence of allergenic foods in our setting. Considering the aforementioned facts, the better
understanding of the food allergy pathogenesis in order to develop effective preventive
strategies that can stop this epidemic seems to be essential.

The pathogenesis of food allergy is a multifactorial process, influenced by genetic,
epigenetic and environmental risk factors [9–11]. While several hypothesis have been
proposed, it is now recognized that it is the complex interplay between genetic inheri-
tance, diet, skin exposure and gut microbiome that is crucial to the development of food
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allergy [12–14]. Numerous studies suggest that skin barrier plays an essential role in the
pathogenesis of food allergy through its ability to induce epicutaneous sensitization which
corresponds to one half of the widely accepted dual allergen exposure hypothesis [12,15].
Although, the exact pathways leading from epicutaneuos food sensitization to clinical food
allergy need to be elucidated, the skin is emerging as an important target for food allergy
prevention strategies. Therefore, interventions targeting the skin barrier repair to prevent
atopic dermatitis and food allergy have gained a lot of interest in recent years.

The purpose of this review is to discuss the mechanisms underlying epicutaneous
sensitization to food allergens and risk factors influencing this process as well as current
experimental and clinical evidence suggesting that impairment of the epidermal barrier
initiates an immune response leading to subsequent development of food allergy. We also
review current knowledge of topical intervention to improve skin barrier function as a
strategy for prevention of food allergy, including moisturizer therapy and new topical
therapy targeting upregulation of skin barrier-related molecules, such as filaggrin (FLG).
We also discussed the challenges associated with such strategies.

2. The Dual Allergen Exposure Hypothesis

The dual allergen exposure hypothesis is one of the most extensively studied in the
context of the development of food allergy, postulating that the timing and route of exposure
to foods allergens lead to sensitization or tolerance [15,16]. In line with this hypothesis,
early life, low-dose allergen exposure through the skin, especially impaired or inflamed
as occurs in eczema, induces allergic sensitization and leads to subsequent food allergy,
whereas early high-dose oral exposure to food allergens through the gastrointestinal tract
promotes immune tolerance and prevent food allergy [17,18].

The conception of early oral introduction of allergenic foods into the diet to induce
immune tolerance is derived from the observation that allergen avoidance, instead of
reducing the incidence of food allergies, contributed to its increase in children, as well as
from interventional studies on dietary elimination that have failed to decrease the rate
of food allergy [17,19]. This is also supported by data from murine model showing that
food allergen exposure is necessary to promote both immunologic and clinical tolerance
to ingested food proteins [12,17,20]. There is growing evidence from clinical trials and
meta-analyses that inducing oral tolerance by early introduction of allergenic foods into
the infant’s diet is effective in preventing food allergy [19,21–25]. However, this strategy
has been recognized and appears robust primarily for peanuts and eggs in a high-risk
populations of children with severe atopic dermatitis or other food allergies [26–31]. Recent
studies have suggested that it might be also the case with early introduction of cow’s milk
protein [32,33]. Although the protective effect of early food administration is likely to be
plausible for further allergenic foods, the sufficient evidence supporting its effectiveness for
foods other than peanuts and eggs or at the general population level is currently lacking.
In addition, this preventive strategy faces many limitations [34,35]. Evidence indicates that
the induction of oral tolerance is allergen specific and requires the introduction of allergenic
food over the well-defined time window that is possibly different for different foods [34,36].
This means the need of introducing multiple foods into the infant’s diet on complicated
schedule and within the narrow “window of opportunity” which together constitutes a
challenge for most families and hinders compliance. Furthermore, some food allergy may
develop very early in life before the infant reaches the developmental age to introduce
solid foods [27,37]. Additionally, the induction of oral tolerance may be stopped by the
simultaneous exposure of the disturbed skin to environmental allergens [38,39]. Thus, there
is still a need for alternative, easily achievable ways to prevent food allergy, which draws
attention to the second part of the dual allergen hypothesis.

Evidence supporting the concept of the impaired skin barrier as a rout of allergic sensi-
tization to food comes from numerous studies showing that children with atopic dermatitis
have a significantly higher risk of food sensitization compared to healthy control [40].
Population-based studies reported the food sensitization rate in children with atopic der-
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matitis ranging between 55% to 66%, while the prevalence of food allergy confirmed by
challenge reaches up to 81% [40]. Interestingly, in infants with atopic dermatitis sensitiza-
tion to food allergens has been observed very early, even before oral consumption of these
foods [27,41]. Furthermore, early onset, severity and chronicity of atopic dermatitis have
been identified as strong predictors of food allergy [40,42,43]. In the Australia HealthNuts
cohort the 6-fold increase in the risk of developing food allergy to egg white, peanut or
sesame by 12 months of age was observed in infants with atopic dermatitis, particularly
in those manifested the early-onset and severe atopic dermatitis [44]. Additionally, it was
found that atopic dermatitis predates the development of food sensitization and allergy in
most cases, suggesting the causal association and indicating that skin barrier dysfunction
play a crucial role in the progression to food allergy [40,45,46]. The data from the MACS
study indicated that atopic dermatitis in the first 6 months preceded and predicted the
development of new-onset food sensitization within the first 2 years of life in previously
unsensitized infants [47]. The primary defect that drives atopic dermatitis is the epidermal
barrier impairment, consistently observed in both lesional and nonlesional skin, which is
supposed to allow penetration of allergen and induce the subsequent systemic Th2 immune
responses as a result of the phenomenon referred as epicutaneous sensitization [15,39,48,49].

3. The Concept of Epicutaneous Food Allergen Sensitization

The epicutaneous sensitization is a process strongly dependent on impaired skin bar-
rier function, which promotes increased penetration of allergens stimulating Th2-mediated
immune response and IgE production and consequently predisposes to the development of
respiratory and/or food allergies [12,13,50]. Skin barrier is the primary interface between
the organisms and the external environment. The healthy skin contributes to effective
protection against harmful environmental factors, preserving the organism integrity and
adapting its physiology to changing environments [51,52]. Except to provide the mechan-
ical outside-inside barrier, the skin play important homeostatic, immune and sensory
functions including regulation of body temperature, defense against microbial infection,
activation of the innate antioxidant system and immune response, production of cytokines,
hormones and neurotransmitters [53–55]. The most important defensive function of the
skin is to construct the permeability barrier that allows to maintain the homeostasis by
preventing excessive transcutaneous loss of water, electrolytes and serum proteins and also
protects against the ingress of environmental irritants, allergens and pathogens [50,56].

A disturbed skin barrier not only facilitates the penetration of allergens, but also
releases the epithelium-derived cytokines (TSLP, IL-25, IL-33) which mediate Th2 response
in an antigen independent manner by activating dendritic cells (DCs) and innate lymphoid
cells type 2 (ILC2) [57,58]. In epicutaneous sensitization, resident DCs capture allergens
passing through the disrupted epidermal barrier, present processed allergens to naïve CD4+
T cells in draining lymph nodes and prime differentiation of naïve CD4+ T cells into allergen-
specific Th2 cells secreting proallergic cytokines (IL-4, IL-5, IL-9, IL-13) [59,60]. ILC2 also
play an important role in food allergic sensitization by producing IL-4, IL-13 and IL-5 and
modulating activity of DCs, Th2 cells, eosinophils and in particular mast cells [57,61,62].
IL-4 and IL-13 promote B-cell isotype switching to specific IgE cells that further differentiate
into plasma cells producing large amount of allergen-specific IgE antibodies that bind to
high-affinity FcεRI receptors on the surface of mast cells and basophils leading to a state
of allergic sensitization. Subsequently, facilitated allergen presentation further drives the
production of a memory pool of allergen-specific B cells and Th2 cells [63,64]. Following
re-exposure to previously sensitizing allergens results in cross-linking of FcεRI-bound sIgE
antibodies and activates mast cells and basophils degranulation, leading to the release of
inflammatory mediators triggering systemic food-allergic reactions (Figure 1) [60].
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Figure 1. Mechanisms of epicutaneous sensitization and possible immune pathways associated with
the progression to food allergy.

Evidence from in vitro experiments supports the notion that food allergic sensitization
occurs through the skin. In patients with peanut allergy, in vitro evaluation of the pheno-
type of peanut-specific CD4+ Th cells by using cutaneous lymphocyte antigen (CLA) as a
marker for the epicutaneous rout of initial sensitization demonstrated that higher propor-
tion of CD4+ Th cells expressed this skin-homing molecule (CLA+), indicating activation
following exposure through the skin. The skin-homing CLA+ CD4+ Th cells revealed
tendency toward Th2 polarization with increased production of IL-4 and IL-13 [65,66]. In
experimental study Strid et al. found that epicutaneous sensitization after exposure to
peanut protein through barrier-disrupted skin in BALB/c mice induced strong systemic
Th2 immune response with highly elevated serum levels of IL-4 and peanut-specific IgE.
Importantly, primary epicutaneous exposure inhibited the subsequent development of
oral tolerance and also reduced existing tolerance to peanuts [67]. Furthermore, in murine
models epicutaneous sensitization was associated with a significantly higher symptomatic
response when compared with the oral, intragastric or intraperitoneal route of sensitiza-
tion [68]. Kawasaki et al. demonstrated that BALB/c mice epicutaneously sensitized by
regular exposition to OVA through disturbed skin exhibited higher serum concentration of
OVA-specific IgE after oral challenge than intraperitoneally sensitized mice. Interestingly, in
epicutaneously sensitized mice further skin barrier injury by tape-stripping augmented the
allergic response to oral challenge even without additional topical antigen exposure [69].

The hypothesis of the progression from skin barrier dysfunction and epicutaneous
food sensitization to the development of food allergy has been also confirmed in clinical
studies. The first observation comes from the longitudinal birth cohort study (the ALSPAC
Study) reporting an independent positive association of peanut allergy in preschool children
with the cutaneous exposure to peanut allergens through the regular application of topical
creams containing peanut oil on the inflamed skin. Most children who were allergic to
peanuts had atopic dermatitis and had been topically exposed to peanut oil during the first
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6 months of life [70]. Another study found the epidemiological link between significantly
increased risk of IgE-mediated wheat allergy and current topical exposure to hydrolyzed
wheat protein present in skin and hair care products [71]. In children with atopic dermatitis
repeated application of creams containing oat was correlated with exacerbation of the skin
lesions and higher rate of oat sensitization measured with oat-specific IgE, skin prick test
or atopy patch test [72].

The development of epicutaneous food sensitization and subsequent food allergy
may be also associated with high environmental exposure to food allergens [15]. Fox et al.
showed that household peanut consumption, reflecting higher environmental exposure
to peanut, increased the risk of peanut allergy among atopic infants with the greatest risk
observed for peanut butter, which due to sticky nature may exert its impact through the
skin [73]. It was further supported by strongly positive correlation that has been found
between household peanut consumption and the concentration of peanut proteins in house
dust, which additionally were able to activate mast cells and basophils in the skin [74]. The
population-based birth cohort study indicated the dose-dependent association between
early-life environmental exposure to peanut protein in household dust and subsequent
development of peanut sensitization and peanut allergy in high risk infants and school-
age children [75]. Importantly, this association was particularly observed in high-risk
children with history of atopic dermatitis and its severe course and was strongly modified
by the presence of null mutations in FLG gene, supporting the hypothesis of epicutaneous
sensitization through impaired skin [76,77].

Important role of skin barrier impairment in epicutaneous food sensitization or food
allergy has also been confirmed by studies objectively evaluating the function and integrity
of this barrier by measuring transepidermal water loss (TEWL). Increased TEWL itself
has been found to be strongly associated with food sensitization as assessed by skin prick
testing in exclusively breastfed infants at 3 months of age [43]. Horimukai et al. reported
that infants with increased TEWL in the first week of life have increased risk of subsequent
development the sensitization to ovomucoid at age 32 weeks [78]. Another study in a large
clinic-based cohort of children with atopic dermatitis revealed the relationship between
allergic sensitization to peanuts and eggs and greater dysfunction of skin barrier defined as
increased TEWL, even in non-lesional skin [79]. Leung et al. have performed a comprehen-
sive evaluation of the stratum corneum with mulit-omnics approach and demonstrated
that children with atopic dermatitis and food allergy presented unique skin abnormali-
ties, such as increased TEWL, reduced FLG breakdown products and decrease proportion
of ω-hydroxy fatty acid sphingosine ceramide content, which differentiates them from
children without food allergy and nonatopic controls. Additionally, increased expression
of keratins 5, 14, and 16 reflecting hyperproliferative keratinocytes, increased TEWL and
decreased FLG breakdown products were identified as the most important predictors for
atopic dermatitis with food allergy [80]. More recently, data from the population-based
PreventADALL birth cohort confirmed that eczema, dry skin and raised TEWL at 3 months
of age not only increased the risk of food sensitization at 6 months of age but also strongly
predicted allergic sensitization from 3 to 6 months of age, with the highest positive pre-
dictive value reported for TEWL. The authors concluded that TEWL value higher than of
9.3 g/m2/h at 3 months in non-sensitized infants was the optimal prognostic marker to
predict the development of food sensitization at 6 months of age [81].

4. Factors Affecting Skin Barrier Function

Given that skin barrier impairment play a crucial role in the pathogenesis of atopic
dermatitis and food allergy, it seems important to highlight the genetic and environmental
factors that promote skin barrier dysfunction and thus increase the risk of epicutaneous
sensitization (Figure 2).



Nutrients 2023, 15, 1070 6 of 29

Nutrients 2023, 15, x FOR PEER REVIEW 6 of 30 
 

 

4. Factors Affecting Skin Barrier Function 

Given that skin barrier impairment play a crucial role in the pathogenesis of atopic 

dermatitis and food allergy, it seems important to highlight the genetic and environmental 

factors that promote skin barrier dysfunction and thus increase the risk of epicutaneous 

sensitization (Figure 2). 

 

Figure 2. Factors causing skin barrier impairment and increasing the risk of epicutaneous sensitiza-

tion. 

4.1. Genetic Factors 

Molecular genetics have clearly shown that disruption of skin barrier function can be 

attributed to genetic variants in genes encoding the structural proteins of the stratum 

corneum such as filaggrin (FLG), loricrin and involucrin [82–84]. Filaggrin is the most im-

portant epidermal structural protein that is crucial to maintaining stratum corneum func-

tion including keratinization, moisturization, preserving the epidermal barrier integrity 

and microbial defense [85]. In murine models FLG mutations directly contribute to 

changes in architecture of keratinocytes, abnormalities in lipid secretion, lower inflamma-

tory thresholds for irritants and haptens, increased allergen penetration, and thus en-

hanced epicutaneous sensitization [85–87]. Data from clinical studies demonstrated that 

in FLG mutation were associated with atopic dermatitis-like phenotype, dry skin and im-

paired skin barrier function defined as lower level of natural moisturizing factors (NMF) 

Figure 2. Factors causing skin barrier impairment and increasing the risk of epicutaneous sensitization.

4.1. Genetic Factors

Molecular genetics have clearly shown that disruption of skin barrier function can
be attributed to genetic variants in genes encoding the structural proteins of the stratum
corneum such as filaggrin (FLG), loricrin and involucrin [82–84]. Filaggrin is the most
important epidermal structural protein that is crucial to maintaining stratum corneum
function including keratinization, moisturization, preserving the epidermal barrier in-
tegrity and microbial defense [85]. In murine models FLG mutations directly contribute to
changes in architecture of keratinocytes, abnormalities in lipid secretion, lower inflamma-
tory thresholds for irritants and haptens, increased allergen penetration, and thus enhanced
epicutaneous sensitization [85–87]. Data from clinical studies demonstrated that in FLG mu-
tation were associated with atopic dermatitis-like phenotype, dry skin and impaired skin
barrier function defined as lower level of natural moisturizing factors (NMF) and increased
TEWL [87–89]. An impressive series of replication studies found FLG loss-of-function
mutations to be the most significant genetic risk factor associated with atopic dermatitis,
predisposing also to earlier onset, persistent course and more severe manifestation of the
disease [90–92]. In recent years, FLG mutations have also been considered as risk factors
for food sensitization and food allergy [93–95]. Data from cohorts of children from multiple
countries showed a significant association of FLG mutations with challenge-proven peanut
allergy, even in the absence of clinical evidence of atopic dermatitis [77,96,97]. Venkat-
eraman et al. investigated the longitudinal correlation between FLG mutation, atopic
dermatitis and the progression to food allergy over 18 years suggesting, based on path
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analysis, that FLG mutations are associated with an increased risk of atopic dermatitis
in younger children and subsequent progression to food allergies in later life [46]. More
recently, the large Genetics Of Food Allergy Study (GOFA) in children demonstrated that
FLG mutations predispose to food allergy diagnosed by the DBPCFC to numerous foods
including hen’s egg, cow’s milk, peanut, hazelnut, fish, soy, cashew, walnut, and sesame
and in addition increased the risk of persistent course of allergy to hen’s egg and cow’s
milk. Importantly, the association was independent of atopic dermatitis history and the
allergenic food tested highlighting the role of genetic defects of epidermal barrier protein
and skin barrier dysfunction as a common mechanism underlying all food allergies [98].

Beyond filaggrin, other mutations in genes encoding proteins involved in terminal
keratinocyte differentiation, intercellular lipids composition and tight junctions function
may contribute to cutaneous barrier dysfunction [39,50]. Loss-of-function mutations in
SPINK5 gene result in defect in keratinocyte differentiation, increased kallikrein activity
in the epidermis and enhanced skin barrier permeability [99]. Two independent murine
studies found that mutation in the gene for mattrin (TMEM79), transmembrane protein in-
volved in stratum corneum barrier function, alone lead to matted fur, atopic dermatitis-like
lesions and elevated level of IgE [100,101]. Polymorphisms in the CLDN1 gene encoding
claudin-1, tight junction transmembrane protein, was associated with atopic dermatitis
and increased TEWL [102,103]. Recent GWASs have identified that other genes in the
epidermal differentiation complex (EDC) such as hornerin, FLG2, involucrin and loricrin
could impair skin barrier function in patients with atopic dermatitis, regardless of their
FLG genotype [104–106]. Nevertheless, FLG deficiency appear to remain the most widely
established risk factors for atopic dermatitis with the greatest impact on skin barrier struc-
ture and function. Importantly, growing evidence suggested that FLG expression can
be downregulated by Th2-associated (IL-4, IL-13) and Th22-associated (IL-22) cytokines
present in the skin during cutaneous inflammation [107,108]. The level of FLG expression
is also modulated by environmental factors and exposomal influences [87,109].

4.2. Environmental Factors

Among environmental factors, air pollutions and weather changes have been shown
to contribute in skin barrier dysfunction and result in the development as well as the
exacerbation of atopic dermatitis [110]. The longitudinal study of the health of children
in birth cohort with >17 years of follow-up reported that early exposure to oxidants such
as O3 and NO2 at birth or/and in the first 3 years of life significantly increased the risk of
developing atopic dermatitis [111]. In another observational study with atopic dermatitis
patients changes in atmospheric parameters such as outdoor temperature, relative hu-
midity and precipitation, increased concentration of particulate matter with aerodynamic
diameter ≤10 µm (PM10), NO2 and O3, as well as raised total pollen counts were pos-
itively associated with skin reactivity and severity of atopic dermatitis symptoms [112].
The exacerbation of atopic dermatitis symptoms was also observed in children living in
an industrial urban area after increased exposure to PM2.5 and PM10, with a stronger
effect found on dry moderate days and for PM2.5 [113,114]. In vivo and in vitro studies
have indicated that PM2.5 compromise skin barrier function by causing oxidative stress,
DNA damage, downregulation of skin barrier-related protein expression and apoptosis
through the mitochondria-regulated death pathway [115–117]. Recent experimental study
provided evidence that PM2.5 induced FLG deficiency and subsequent skin barrier dys-
function in TNF-α, aryl hydrocarbon receptor (AHR) and TSLP dependent-manner. It was
demonstrated that PM2.5 exposure inhibited FLG protein expression, increased TEWL and
enhanced penetration of FITC-dextran in organotypic and mouse skin [118]. In recent years,
microplastics and nanoplastics have attracted a lot of attention as the new environmental
pollutants. Although the vast majority of studies focus on gastrointestinal and pulmonary
toxicity, it has also been proposed that plastic particles can enter the skin through topical
application of health and beauty products or through contact with water contaminated
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with nanoplastics and can damage the skin barrier by changing the expression of structural
proteins and inducing the transcription of inflammatory genes [110,119,120].

Surfactants, detergents and cleansing products have also been proven as factors
that even at trace concentration possess skin barrier-damaging properties, attributed to
increasing skin pH, altered expression of keratinocytes differentiation markers, increased
activity of epidermal proteases or reduction in their inhibition and in addition to promoting
the release of pro-inflammatory cytokines [110,121]. Recent experimental study in mouse
model showed that epicutaneous exposure to laundry detergents provoked skin barrier
damage indicated by increased TEWL and in addition induced allergic skin inflammation
manifested by greater expansion of eosinophils in the epidermis and local increase in
production of IL-33, TSLP, IL-4 and IL-13 [122]. Data from clinical studies also demonstrated
that anionic surfactants, particularly sodium lauryl sulfate (SLS) widely used in in cleansing
products, cosmetics and detergents, affected the skin barrier integrity by both increasing
TEWL and reducing stratum corneum hydration and also disrupting of tight junctions and
interconnected molecules which enhances epidermal permeability [123,124]. Application of
traditional alkaline soap on the skin resulted in elevated TEWL level and higher erythema
index, which continued to increase even 24 and 72 h after exposure suggesting a prolonged
effect of cleansers components on skin barrier damage [125]. Furthermore, higher frequency
of using hand cleaning products and disinfectants during the COVID-19 pandemic was
associated with exacerbation of symptoms in patients with atopic and contact dermatitis
as well as with even with increased rate of new cases of these disease [126,127]. Another
environmental factor that should be considered is so-called hard water containing high
level of calcium and magnesium carbonates, as recently published meta-analysis has
found positive correlation between domestic water hardness and prevalence of atopic
dermatitis in school-age children [128]. It was also reported, that early life exposure to hard
domestic water may contribute to an increased risk of development atopic dermatitis in
infants [129,130]. Additionally, mechanistic study in humans suggested that exposure to
hard water not only facilitates but also enhances deposition of surfactant sodium lauryl
sulphate on the skin leading to impair functioning of epidermal barrier with increased
TEWL, particularly in patients with atopic dermatitis carrying FLG mutations [131].

4.3. Skin Microbiome Dysbiosis

Skin microbiome research has highlighted that the microbial diversity with domi-
nant commensals is essential to maintain cutaneous homeostasis while skin dysbiosis can
cause significant skin barrier dysfunction and inappropriate immune response leading to
epicutaneous sensitization [132,133]. In atopic dermatitis the composition of microbiota
on the skin, both lesional and non-lesional, is altered with reduced commensal diversity
and high prevalence of Staphylococcus species, in particular S. aureus colonization and
secondary infection [134–136]. Moreover, the relative density of S. aureus is correlated with
severity and exacerbation of atopic dermatitis suggesting an important role of S. aureus
colonization in the disruption of the skin barrier [50,137,138]. S. aureus colonization has
been shown to cause skin barrier dysfunction by negatively affecting skin hydration and
stratum corneum integrity and permeability [139,140]. Significantly higher TEWL and
skin pH was observed in atopic dermatitis patients colonized with S. aureus when com-
pared to noncolonized patients and controls [139,141]. In addition, S. aureus promoted
Th2-associated skin inflammation and allergic sensitization with elevated level of serum
total IgE and peripheral blood eosinophil count [139,142]. Mechanisms by which S. aureus
contributes to inflammation and skin barrier impairment involve decreasing expression
of genes encoding tight junction protein and terminal differentiation markers, increasing
protease and lipase activity and the production of exotoxins and proteins such as protein
A and superantigens [134,140,142]. Experimental studies have demonstrated that con-
comitant skin exposures to peanut allergens and S. aureus superantigen, (Staphylococcal
enterotoxin B (SEB) at doses observed in lesional skin lead to a significant enhancement of
Th2-mediated immune response to peanuts extract and drive the development of peanut
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allergy [50,143]. In humans, metagenomic microbial analysis revealed increased abundance
of S. aureus in non-lesional skin of patients with atopic dermatitis and food allergy, which
was in addition positively correlated with elevated TEWL level [80]. Clinical study in children
with atopic dermatitis showed the significant association between colonization with S. aureus
and elevated level of sIgE for peanut, egg white, and cow’s milk as well as higher rate of
allergic reaction after oral food challenge [144]. More recently data from LEAP study indicated
that high-level sIgE production hen’s egg, peanut and cow’s milk allergen was related to
S. aureus colonization independently on atopic dermatitis severity. Additionally, children
colonized with S. aureus had a higher risk to develop persistent egg allergy suggesting that S.
aureus can prevent the acquisition of natural tolerance to hen’s egg [145].

5. Epicutaneous Sensitization in the Pathogenesis of Food Allergy

Taking into account the important role of skin barrier dysfunction, the possible im-
mune pathways associated with the progression from epicutaneous sensitization to food
allergy have recently been studied in a murine models of food allergy and atopic dermatitis
using tape stripping mouse skin as a model for scratching and mechanical injury [146–148].
It was proposed that crosstalk between skin and gut has its origin in mechanical skin dam-
age which, by inducing epicutaneous food sensitization, can promote allergic reaction or
even an anaphylaxis to foods leading to the enhancement of antigen-specific Th2 cytokine
responses and the activation of IgE–mediated mast cell responses in the gastrointestinal
tract [48]. Bartinkas et al. demonstrated that BALB/c mice epicutaneously sensitized by reg-
ular application of OVA on tape-stripped skin manifested systemic anaphylaxis following
oral food challenge with IgE-dependent expansion of intestinal mast cells and increased
production of IL-4 [147]. The existing evidence indicates that IL-33, IL-25 and TSLP induced
by danger signals in tissues, are a key players in pathogenesis of epicutaneously induced
food allergy 13,48]. This is also supported by the observation that all three alarmins are
mandatory to induce food allergy in murine model, and once induced, only combined
treatment with monoclonal antibodies blocking all of these cytokines leads to optimal
suppression of murine food allergy [149].

IL-33 is released along with TSLP by keratinocytes in response to skin barrier damage
and inflammation observed after mechanical injury and scratching or in atopic dermati-
tis [57]. Elevated levels of IL-33 are found in skin lesions and in serum of patients with
atopic dermatitis, whereas the average concentration of IL-33 in serum can be up to 10 times
higher than in healthy individuals [146,150,151]. In murine model, the level of circulat-
ing IL-33 increased 2-fold after mechanical injury affecting only 10% of the body surface
area [152]. Further experimental studies in epicutaneously OVA-sensitized mice revealed
that IL-33 released systemically after mechanical skin damage enlarges the intestinal mast
cells load and stimulates IgE-mediated mast cell degranulation by ILC2 activation that
produce IL-4 and IL-13 [146,148]. Thus, IL-33 may promote both food allergy symptoms in
the intestine and food-induced anaphylaxis and conversely blocking of IL-33 signaling has
been shown to inhibit anaphylactic reaction after oral challenge [146,148,153,154].

IL-25 along with IL-33 has been identified as primary cytokine inducing ILC2s in
response to skin allergen exposure and in addition both IL-25 and IL-33 are required
for activation of intestinal ILC2s and subsequent mast cells expansion [148,155]. It was
demonstrated that intestinal mast cell accumulation failed after selective inactivation of
IL-25 signaling [156]. The main source of IL-25 in the intestine are epithelial tuft cells whose
number and ability to produce IL-25 significantly increase in the intestinal mucosa after
skin mechanical injuries by tape stripping [148,155,157]. IL-25 drives the expansion of ILC2
in skin and small intestine and further mediates the secretion of IL-4 and IL-13, which
in turn stimulates differentiation and activation of tuft cells causing a positive feedback
loop [148,157,158]. Importantly, the IL-25 receptor was found to be preferentially expressed
by intestinal ILC2, possibly explaining the exclusive accumulation of ILC2 in the small
intestine after skin disruption [148]. A role for IL-25 in food allergy was proven in mice
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lacking IL-25 receptor that were more resistant to developing experimental IgE-mediated
food allergy [158].

TSLP as another cytokine involved in skin-gut axis is produced by keratinocytes
following skin barrier injury and cutaneous exposure to food allergens [148,159,160]. Over-
expression of TSLP in skin keratinocytes and elevated level of TSLP in serum has been
observed in patients with atopic dermatitis [161,162]. When released into the circulation,
TSLP potentiate DC to preferentially differentiate naïve T cells to Th2 cells producing
proinflammatory cytokines (IL-4, IL-5, IL-13) [163,164]. Furthermore, TSLP drives the
recruitment of basophils in the skin-draining lymph nodes, stimulates their expansion
in the skin and thus promotes basophil-dependent Th2 cytokine response in an IL-4–
dependent manner [48]. Experimental model of food allergy in mice demonstrated that
epicutaneous sensitization to OVA or peanut through an atopic dermatitis-like skin led to
TSLP-dependent infiltration of basophils to the skin and basophil-derived IL-4 production
that induce enhanced Th2 response in the skin [165]. Subsequently, intragastric OVA anti-
gen challenge in these mice resulted in increased antigen-specific serum IgE synthesis and
inflammation in the intestine with enhanced antigen-specific Th2 response, accumulation
of intestinal mast cells and increased expression of mast cell–specific proteases which pro-
motes the development of intestinal food allergy [166]. Suppression of the TSLP signaling
and lack of basophil-derived IL-4 synthesis was found to inhibit food-induced allergic reac-
tion in the intestine confirming the crucial role of TSLP-basophil-IL-4 axis in epicutaneous
sensitization and associated pathogenesis of IgE-mediated food allergy [165,166].

Taken together, IL-33 released by keratinocytes acts jointly with IL-25 synthetized by
tuft cells to stimulate expansion and activation of intestinal-resident ILC2 that produce
IL-4 and IL-13. ILC2-derived IL-4 and IL-13 together with induced by TSLP basophil-
derived IL-4 lead to enhanced expansion of activated mast cells and their IgE-mediated
degranulation in the small intestine mucosa [48,156]. In turn, accumulated mast cells cause
greater intestinal permeability, increased transepithelial passage and systemic absorption
of food allergens leading enhanced sensitization to food in gastrointestinal tract and further
allergic reaction or even an anaphylaxis to foods [13,48] (Figure 1).

6. Epicutaneous Sensitization in Unaffected Skin

Growing evidence implicating the skin may be an important site for the induction of
allergic sensitization and subsequent allergic reaction prompting the question of whether
the impairment of the skin barrier is an absolute prerequisite for the development of
epicutaneous sensitization. Several studies have suggested that epicutaneous food sensiti-
zation may occur without skin barrier dysfunction, however the presence of an exogenous
adjuvant or prolonged duration of exposure to the antigen was required for effective
sensitization [167,168]. An experimental study in C3H/HeJ mice epicutaneously sensi-
tized by topical application of the milk allergen α-lactalbumin to intact skin showed that
antigen-specific IgE production was induced only in the presence of the pro-allergenic
adjuvant (cholera toxin), as was not the case when exposed to the antigen alone [68]. In
contrast, repeated topical exposure to peanut allergen extract was shown to be able to
induce allergic sensitization in mice without additional adjuvants or skin damage possibly
due to the inherent adjuvant activity of these allergens. Mice exposed to crude peanut
extract through healthy skin exhibited increased serum level of IgE specific to the main
peanut components Ara h 1 and Ara h 2 and anaphylactic reaction following intraperitoneal
challenge. Additionally, peanut protein was postulated to caused bystander sensitization
to milk allergen α-lactalbumin as concurrent application of peanut allergens and milk
allergen α-lactalbumin on intact skin resulted in production of α-lactalbumin-specific IgE
and anaphylaxis in mice orally challenged with milk allergen alone. All taken together may
indicate that peanut allergens have an adjuvant effect when applied to the skin [169]. In
humans, a significantly higher incidence of new cases of an immediate allergic reaction
to wheat protein, and even anaphylaxis, has been described in previously unsensitized
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Japanese women after one year of regular daily use of facial soap containing hydrolyzed
wheat protein on intact skin [170].

It is worth mentioning, that intact or clinically asymptomatic skin does not necessarily
reflect the normal function of the skin barrier, which may be particularly the case in high-
risk children such as FLG gene mutation carriers, those with atopic dermatitis or a family
predisposition towards atopy. Numerous epidermal abnormalities have been demonstrated,
at functional and molecular level, in nonlesional—that is, apparently healthy—skin of
patients with atopic dermatitis [92,171,172]. The epidermal expression of TSLP, displaying
response of keratinocytes to skin barrier damage, was found to be upregulated at as early as
age 2 months in asymptomatic infants with family history of atopic dermatitis, correlating
with higher risk of atopic dermatitis at 2 years of age [160]. Moreover, increased TEWL has
been observed in the first weeks of life in infants carrying FLG mutations, even well before
the development of atopic dermatitis symptoms, suggesting that skin barrier impairment
precedes allergen sensitization and further clinical manifestation. Indeed, increased TEWL
in these newborns predisposed to development of atopic dermatitis and food sensitization
later in life [78,89].

7. Moisturizers Therapy as Topical Intervention to Improve Skin Barrier Function

Based on the aforementioned insights into the link between skin barrier impairment,
epicutaneous sensitization, atopic dermatitis and food allergy, restoring skin barrier function
to prevent or treat atopic dermatitis could be also a potential prevention strategy for related
food allergy. Regarding barrier protection, moisturizers seem to be logic candidate especially
since they are highly recommended integral part of atopic dermatitis management [173].
Appropriately applicated moisturizers restore skin barrier hydration, reduced skin dryness,
relief itch and potentially have positive effect of skin barrier function [174]. If moisturizers
can improve skin barrier function, they could be a simple and cost-effective prophylactic and
therapeutic strategy.

7.1. Primary Prevention

The concept of using moisturizers for primary prevention of atopic dermatitis and
food allergy is based on the evidence suggested that skin barrier dysfunction leading to
allergic sensitization may occur in unaffected skin of high-risk children. In this regard,
prophylactic targeting of the skin barrier should be introduced very early in life before the
onset of clinical manifestation of atopic dermatitis. Early initiation of skin protection seems
to be very important because the skin of neonates and infants is relatively immature and
fully competent barrier function is formed only around 6 months of age [175–177].

The first two randomized, controlled pilot studies in high risk neonates demonstrated
that daily application of standard petrolatum-based moisturizers on the whole body, started
within first weeks after birth, were effective in preventing later incidence of atopic der-
matitis with a relative risk reduction of 32% in Japanese population and 50% in Caucasian
population [178,179]. In later studies, daily moisturizers therapy in infants reduced risk
of dry skin and diaper dermatitis and this was associated with lowered TEWL, lowered
pH and increased stratum corneum hydration providing evidence that the protective effect
of moisturizers is due to improved skin function [180,181]. Similarly, decreasing trend in
atopic dermatitis was observed by McClanahan et al. for moisturizers containing ceramide
and amino acids in 2-year randomized controlled trial of high-risk newborns [182]. These
promising studies were followed by large randomized, controlled trials that provided con-
tradictory outcomes [183–186]. One of these studies, evaluating preventive therapy with
emollients and synbiotics in healthy infants failed to confirm the protective effect of either
emollients or synbiotics, used alone or in combination, on the development of atopic der-
matitis and food allergy at 1 year of age [183]. Findings from the largest primary prevention
study (the PrevetADALL) conducted in general population based cohort of 2397 infants
did not indicate that the regular use of emollients baths and facial creams from 2 weeks
of age significantly reduced the risk of atopic dermatitis by the age 1 year [184]. Recent
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analyses of the effect of emollients on the risk of food allergy in this cohort, when the chil-
dren reach age 3 years, did not provide evidence that the application of petrolatum-based
emollients from early infancy prevent the food allergy [187]. Another large, multicenter
study (the BEEP) in infants at high risk of developing atopic dermatitis did not support
the hypothesis that daily usage of regular emollients during infancy can delay, suppress
or prevent atopic dermatitis at age 2 years. In the intervention group, the risk of food
allergy was not reduced, however an increased rate of parent-reported skin infections was
observed [185]. The five-year follow-up of infants enrolled in the BEEP study confirmed
the lack of long-term clinical benefits for daily emollient application for the first year of
life in preventing or delaying atopic dermatitis or food allergy [186]. Considering that the
petrolatum-based emollients used in the above trials are now reported as less effective in
restoring skin barrier function it is conceivable that different emollient formulation could
provide a protective effect [176]. In the pilot study (the PEBBLES), regular application of
trilipid ceramide-dominant emollient for the first 6 months of life showed decreasing trend
in atopic dermatitis and food sensitization in high-risk infants at 6 and 12 months of age.
Pre-protocol analysis found significantly lower rate of food sensitization at 12 months but
only in infants treated with emollient twice daily at least 5 days a week [188]. Further
follow-up is ongoing to validate these results and determine the long-term effectiveness of
this next-generation emollient after cessation of treatment [189]. Another large ongoing
trial (the CASCADE) aim to assess the efficacy of daily use of lipid-rich emollient in the
general population recruited from a primary care setting [190]. In addition, recently pub-
lished preliminary findings form pilot study in infant indicated that a trilipid cream may
not only improve skin barrier integrity, as measured by TEWL, but also augment allergic
sensitization or even induce tolerance which was reflected by lower level of total IgE and
proinflammatory IL-4+ Tcells and increased level of tolerogenic IL-10 expressing T cells
after 12 weeks treatment [191,192].

A number of emollient primary prevention studies are still ongoing and their results
are awaited with great interest, especially as some research hinted at possible risk. The
Cochrane systemic review and meta-analysis analyzed broad spectrum of skin interven-
tions (including topical emollients and bath products) and determined that this skin care
interventions during infancy are probably incapable to prevent atopic dermatitis and might
even facilitate skin infections. Authors also concluded that data to assess the impact of
emollients on the risk of food allergy were uncertain. What’s more, in conducted analysis
of data from one trial that emollients applied during daily baths with paraffin-based bath
oil may increase the risk of atopic dermatitis, indicating that daily bathing could potentially
lead to decreasing of the skin barrier integrity [193]. This observation was supported by
results from the EAT study demonstrating a correlation between daily bathing, particularly
with bath oils, and elevated TEWL reflecting skin barrier impairment as well as higher rate
of atopic dermatitis at 3 months [194]. More recently, post-hoc analyses of the EAT study
reported that frequent using of moisturizers at 3 months of age was significantly associated
with increased concurrent level of TEWL and the subsequent development of food allergy
at 12 and 36 months. This relationship was dose-dependent as the risk of developing food
allergy calculated as the odds ratio increased by 20% with each additional moisturization
per week. Considering the reasons of reported association, authors postulated that mois-
turizers may damage the skin barrier as reflected in the dose-related correlation observed
between increasing moisturization frequency and higher level of TEWL at 3 months of age.
Moisturizers may also facilitate the penetration of the allergens across the skin the after their
transferring from the hands of infants caregivers during the moisturizers application [195].
However, this alarming observation need to be confirmed, especially since moisturizers
used in this study included mainly natural oils or mineral oils that have been reported to
impede skin barrier function and have skin-penetration-enhancing properties [196–198].

In summary, primary prevention studies on atopic dermatitis and food allergy evalu-
ating the efficacy of moisturizers provided mixed results that are insufficient to implement
this strategy as primary prevention for the general population. However, two recently
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published meta-analysis presented promising results, particularly for atopic dermatitis, and
justify the need for future research. Zhong et al. based on meta-analysis of aggregated-date
from 10 studies concluded that prophylactic application of moisturizers from early infancy
may prevent atopic dermatitis in high-risk children and only when moisturizers were used
continuously. The authors hypothesized that moisturizers, by inhibiting the damaging
effects of increased TEWL early in life, may delay rather than prevent the development of
atopic dermatitis. Moisturizers intervention was not effective for preventing food allergy in
this analysis [199]. Recent meta-analysis of 16 trial involving 5643 participants indicated for
at high-risk newborns that emollients application from the neonatal period reduce the risk
of atopic dermatitis and may have a little protective effect against food allergy. In case of
healthy newborns analysis showed little or no preventive effect on development of atopic
dermatitis whereas impact on risk of food allergy was uncertain [200].

7.2. Secondary Prevention

According to “outside-inside-outside” hypothesis, skin barrier disruption trigger the
Th2 inflammation by upregulation of pro-inflammatory cytokines expression and con-
versely, the Th2 immunity cytokines can in turn impair skin barrier function by reducing
expression of stratum corneum proteins and lead to enhanced epicutaneous allergen prim-
ing to form a vicious cycle [52,107,108,201]. It is also well known, that higher severity and
more persistent course of atopic dermatitis is particularly associated with increased risk of
developing food allergy [40]. Therefore, effective management of atopic dermatitis by both
repairing the skin barrier function and proactive anti-inflammatory treatment could reduce
epicouatnous sensitization and Th2 inflammation and potentially prevent development of
food allergy. Experimental study in mice epicutaneously sensitized to OVA revealed that
pretreatment with topical corticosteroids suppressed expansion of eosinophils in the skin
and intestinal mucosa as well as allergic symptoms induced after oral challenge [69]. The
retrospective cohort study of patients with moderate to severe atopic dermatitis indicated
that patients who maintained proactive therapy with topical corticosteroids for 2 years
had significantly decreased total serum IgE and food-specific IgE levels during the follow-
up [202]. Recently, other hospital-based retrospective cohort study demonstrated that early
treatment with emollients and topical corticosteroids in infants with atopic dermatitis not
only shortened the duration of exacerbation but also contributed to lower rate of food
allergy at age 2 years; the time period from the onset of symptoms until the start of aggres-
sive treatment was a risk factor for later food allergies [203]. The randomized controlled
trial—The Japanese Prevention of Allergy via Cutaneous Intervention (PACI)—is currently
in progress to confirm these results [204].

7.3. Controversies and Future Challenges

In the light of the strongly suggestive data from molecular and experimental studies
supporting the hypothesis that moisturizers therapy via repairing the skin barrier could
prevent atopic dermatitis to thereby food allergy, the contradictory findings from further,
large trials seem to be surprising and disappointing, especially after such promising results
of preliminary studies. These unexpected and contrasting outcomes raises many questions
and highlights numerous unmet needs.

The discrepancies in effect of moisturizers observed across studies can be explained
by heterogeneity in recruited populations, sample size and adherence rate, criteria and
timing of diagnosis and follow-up time as well as differences in interventions used. The
infants included across the studies come from various geographical regions, have different
genetic predispositions and were exposed to diverse environment factors. In addition,
some trials recruited infants from the general population [183,184], while other studies
selected only children at high-risk of atopic dermatitis [187,188]. This, in turn, leads to
differences in the definition of “high-risk” population used and also raises the question
how precisely determine whether the healthy newborns are not “at-risk”. Relatively small
sample size in some studies, low rate of adherence with study protocol and contamination
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in the control group for which use of other moisturizers was allowed in most studies may
account for disparity between the results. The heterogeneity in diagnostic criteria of atopic
dermatitis and in particular food allergy may also affect the outcomes. Other and possibly
key reason for contradictory results is differences in clinical study design including age of
first intervention, duration, frequency and site of moisturizers application. Intervention
duration varied between studies, ranging from 6 to 24 months, with one meta-analysis
suggesting that only continuous use of emollients is effective [199]. Regarding the site of
application, the spectrum of interventions used was also broad with bathing, whole body
application or only to the face, making comparison difficult. Late age of first application,
especially after sensitization has progressed, may not be effective in preventing food
allergy. In addition, delayed start of proactive therapy in infants was a risk factor for food
allergy [203]. Frequency of application ranged from 3–4 times a week, daily to twice daily,
while in PEBBLES study emollients reduced the risk of food allergy only when applied
twice daily at least 5 days a week [188]. There are still sparse data on the ideal frequency of
emollients application required for best effectiveness. Although more frequent use would
appear to be more effective, this approach may however lead to decreased adherence. Taken
together, there is a critical need for large, well-designed, randomized, controlled clinical
trials and broad population studies focusing on precisely defined participant phenotypes
and following consistent study protocols.

The type of moisturizers used in above studies should be considered as the main rea-
son for the discrepancies in the obtained results. Moisturizers vary widely in composition,
pH, properties on skin hydration and effectiveness in repairing skin barrier function and
integrity [174,198]. Since there is no single universal definition or standard classification
of moisturizers, they consist of occlusive agents, emollients, humectants and lipid com-
ponents in various combination [205]. Classic moisturizers, most commonly used in the
aforementioned studies, are based on occlusive ingredients such as petrolatum and mineral
oils which are able to reduce TEWL, but require frequent application and as inert agents
do not address the biochemical abnormalities in the skin barrier [176,206]. Much more
promising results were obtained with the use of a new generation of lipid-rich moisturizers
containing ceramides, cholesterol and fatty acids that directly restore skin barrier function
by replacing the intercellular lipids in the stratum corneum which are reduced in atopic
dermatitis. Importantly, for optimal synergistic effect in restoring skin barrier function,
these 3 lipids should be provided as a ceramide-dominant mixture in a physiological
equimolar ratio (3:1:1) as is the case in the trilipid cream used in some studies [176,207].
Moisturizers containing emollients and humectants such as glycerol and urea found to be
more effective when compared with emollient only preparation [208]. However, glycerol
and urea formulations demonstrated complex effect on skin barrier function, strengthening
skin barrier and accelerating repair after mechanical injury on one hand and on the other
hand enhancing the permeability in higher concentration [209,210]. Among natural oils that
were used in some studies as moisturizers, coconut oil and sunflower oil containing linoleic
acid may provide some beneficial effects, but they also have the ability to disrupt the skin
barrier, increase allergen penetration and induce sensitization, which is particularly evident
with olives oil [211]. In addition to beneficial components, moisturizers may contain other
excipients such as emulsifiers, preservatives, fragrances that may also have sensitizing or
irritating potential [174,212]. Recently published systemic review, showed that the vast
majority (75%) of moisturizers examined in clinical trials comprise at least one common
contact allergen which also possess irritant potential and has been identified as a risk factor
for contact dermatitis [213]. It is important in planned and future studies to use careful
selection criteria for the type of moisturizers taking into account the optimal composition
and formulation determining effectiveness and safety as well as patient preference as this
intervention require high adherence rate to be effective. More head-to-head clinical trials
will be required to compare the effectiveness of various moisturizers and establish whether
the protective effect is limited to certain types of moisturizer or to specific population.
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While accepting the hypothesis that skin barrier impairment precedes allergen sensiti-
zation and further clinical manifestation, an important future challenge is the development
of minimally invasive skin sampling techniques allowing for early identification of skin
barrier dysfunction and timely initiation of preventive strategies in neonates and infants.
Currently available non-invasive clinical devices assessing TEWL, capacitance and skin
pH as well as new methods such as Raman and impedance spectroscopy measure a broad
spectrum of physiological traits of the epidermis but it remains to be elucidated exactly
what biological abnormalities these readings reflect [49]. Future studies should also focus
on identifying specific biomarkers to define various atopic dermatitis endotypes and to
predict the risk of progression to food allergy which might allow the development of
tailored preventive and therapeutic approaches.

Contradictory results of reviewed studies highlight the complex pathogenesis of atopic
dermatitis and food allergy, therefore targeting the skin barrier alone may not be a suffi-
ciently effective preventive strategy. If the dual allergen exposure hypothesis is correct, then
a combination of early allergenic food exposure and skin barrier improvement could be the
optimal approach to reduce the risk of epicutaneous sensitization [187]. Considering the
complex interplay between skin barrier dysfunction, immune dysregulation, microbiome
dysbiosis and environmental factors it seems reasonable to hypothesize that all pieces of
the puzzle need to be addressed to achieve the best clinical outcome (Figure 3). Many inter-
ventions have been studied in pregnant or breastfeeding women and infants to determine
food allergy prevention strategies, including breastfeeding per se, diet diversity, dietary
pattern, avoidance of food allergen, vitamin and mineral supplementation, fatty acid intake,
fibers, prebiotic, probiotics and synbiotics, however, the results remain inconclusive in
many cases [12,19]. Recently more attention has been paid to the gut and skin microbiome
as a potential target for interventions against food allergy. Current evidence suggests that
dysbiosis of the gut microbiome are not only linked to a higher risk of food allergy but also
may be associated with the development of atopic dermatitis by affecting the skin immune
system as well as skin microbiota [214–216]. On the other hand skin dysbiosis can cause sig-
nificant skin barrier disruption leading to epicutaneous sensitization and development of
food allergies [132,133,215]. Many strategies for modulating the microbiome are currently
under investigation for the prevention of food allergy, including maternal Mediterranean
diet in pregnancy and lactation, short-chain fatty acids (SCFAs), specifically butyrate and
breastfeeding as one of the most important factors shaping the gut and skin microbiome in
infants [110,217–225]. In addition, ongoing clinical trials are investigating the possibility of
using the transfer of healthy skin microbiota or swabbing newborns with maternal vaginal
microbiota as a new topical treatment for atopic dermatitis, which can be also a secondary
prevention of food allergy [39,168,225]. Although dietary manipulation for normalization
of the skin and gut microbiome dysbiosis, environmental control and treatment targeting
Th2-cytokine inflammation are important preventive and management directions, since we
focus on skin barrier-based interventions in this review, we have omitted their in-depth
analysis from this overview.

Focusing on the skin barrier-based approach it should be emphasized that also in this
case moisturizers probably represent one of many possible strategies, since the mechanisms
causing skin barrier dysfunction are also varied. Therefore, other new pathogenesis-based
topical interventions targeting skin barrier repair have been also investigated for treatment
atopic dermatitis and thereby food allergy (Table 1).
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Table 1. Topical interventions targeting skin barrier repair for prevention of atopic dermatitis and
food allergy. TCS—topical corticosteroids.

Intervention Area of Focus References

Primary prevention
Topical moisturizers

Preventive therapy with petrolatum-based moisturizers for atopic dermatitis
Preventive therapy with moisturizers containing ceramide and amino acids for

atopic dermatitis
Preventive therapy with moisturizers and synbiotics for atopic dermatitis and

food allergy
Preventive therapy with petrolatum-based moisturizers for atopic dermatitis

and food allergy
Preventive therapy with trilipid ceramide-dominant moisturizers for atopic

dermatitis and food allergy
Link between moisturizers and food allergy

[178–181]
[182]
[183]

[184–187]
[188–190]

[194]

Secondary prevention

Proactive atopic dermatitis therapy with TCS and moisturizers and the
prevention of food allergy [202–204]

Topical interventions upregulating FLG expression

Gene-based approach
Direct replacement of FLG

Indirect replacement therapy
JAK inhibitors

Enhancement FLG expression

“Read-through” drugs
Topical application of recombinant FLG monomer

Topical application of FLG metabolites: trans-urocanic acid and pyrrolidine
carboxylic acid

Inhibition of cytokine-mediated FLG downregulation: delgocitinib (JTE-052)
and ruxolitinib

AHR agonists: tapinarof, tryptophan photoproduct (FICH), diosmin
Peroxisome proliferator-activated receptors (PPARs) agonists

Liver X receptor (LXR) agonists
Sirtuin 1 (SIRT1)

Bioflavonoids: apigenin, hesperidin, apigetrin

[226,227]
[228]

[229,230]
[231–235]
[236–240]

[241]
[242]

[243,244]
[245,246]

Microbiome interventions

Microbial transplantation of commensal bacteria [225]
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8. New Topical Interventions Upregulating FLG Expression

Accepting the overwhelming evidence that FLG deficiency is a primary cause for the
skin barrier abnormalities, restoring skin barrier function through upregulation of FLG
expression could be beneficial strategies in both treating atopic dermatitis and preventing
food allergy.

The most widely established cause for inherited FLG deficiency is the loss-of-function
mutations of the FLG gene that lead to a reduction or complete loss of the FLG protein
and its degradation products. Therefore, strategy aimed to treat this genetic defect or FLG
replacement therapy is warranted. The potential gene-based approach to FLG replacement
might include drugs that act on regulatory elements to control gene expression or “read-
through” drugs that suppress a nonsense mutation and allow translation to proceed in the
correct reading frame to produce a full-length FLG protein [226,227]. Although direct FLG
gene-based therapy is currently not available, the development of “read-through” drugs
for the treatment of atopic conditions has been patented. Another potentially attractive
approach is direct FLG replacement via topical applications. In an experimental proof-
of-concept study, Stout et al. gained encouraging results with the topical application of
recombinant FLG monomer linked to a cell-penetrating peptide that was capable to pene-
trate epidermal tissue and after processing restore barrier function [228]. However, further
studies are needed to establish safety and efficacy in humans. Indirect FLG replacement by
topical application of its metabolites such as trans-urocanic acid and pyrrolidine carboxylic
acid represents also an useful therapeutic approach, as FLG degradation products form
the natural moisturizer factor (NMF) that is essential for maintenance the permeability
barrier function [229]. Results from three phase 1/2b clinical trials confirmed the efficacy
and safety of topical 5% cis-urocanic acid (cis-UCA) cream in treatment of patients with
mild-to-moderate atopic dermatitis [230].

Additionally, it has been suggested that acquired mechanisms also modulate FLG
expression, regardless of genetic mutations [105,247,248]. The FLG expression is downreg-
ulated in response to Th2-associated (IL-4, IL-13) and Th22-associated (IL-22) cytokines
dysregulated in lesional and non-lesional skin of atopic dermatitis patients [201,249,250].
There are also findings available about external stimulants that may significantly affect
FLG expression through different receptors and signaling pathways [40,87,248]. Therefore,
strategies that involve blocking the cytokine-mediated FLG downregulation or enhancing
FLG expression may be beneficial in treating atopic dermatitis.

The Janus kinase (JAK) inhibitors target the JAK-STAT signaling pathway which is
involved in the regulation of multiple immune pathways implicated in atopic dermatitis
pathogenesis, including Th2, Th22, Th1, and Th17 [251,252]. Since Th2 cytokines impact
keratinocyte differentiation and hamper the expression of FLG through JAK-STAT signaling,
JAK inhibitors potently upregulate FLG expression, restore skin barrier function and
reduce skin inflammation [253,254]. In experimental studies, topical application of pan-JAK
inhibitor, JTE-052, diminished TEWL level and increased the production of FLG and NMF
in a murine model and human skin graft model of atopic dermatitis [231,255,256]. The
topical form of JAK-kinase inhibitors, delgocitinib (JTE-052) and ruxolitinib, demonstrated
remarkable improvement in disease severity and itch scores in several clinical trials and
are currently approved for the treatment of atopic dermatitis [231–235].

Tapinarof and other high-affinity AHR (the aryl hydrocarbon receptor) agonists are
currently being studied as promising candidates for new topical treatment of atopic der-
matitis by enhancing FLG expression. Activation of AHR, which is transcription factor
highly expressed in keratinocyte, induces upregulation of FLG and other proteins related
to epidermal terminal differentiation and thus promotes skin barrier repair [257,258]. In
clinical trials, phase 2/2b, tapinarof 1% cream, a naturally derived hydroxylated stilbene,
showed clinically significant improvements in efficacy analyses, including severity scores
(EASI, SCORAD, BSA, IGA), pruritus score and Patient Oriented Eczema Measure (POEM)
scores [236,237]. Currently, three large phase 3 clinical trials for tapinarof are underway.
Topically applied tryptophan photoproduct (FICH) upregulated FLG expression, improved
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clinical scores and reduced TEWL in murine dermatitis model [238,239]. Diosmin, another
natural-derived AHR ligand, increased FLG expression and epidermal thickness as well as
was able to reverse the Th2 cytokine-mediated FLG downregulation in normal human epi-
dermal keratinocytes, thus it has been suggested to be the most promising phytochemical
for atopic dermatitis treatment [240].

Many other molecules with FLG-enhancing properties have been considered as poten-
tial treating agents for atopic dermatitis. All investigated topical PPARs (the peroxisome
proliferator-activated receptors) and LXR (the liver X receptor) agonists have been demon-
strated to promote FLG expression, stimulate keratinocytes differentiation and reduce
epidermal hyperplasia in mice and human epidermis models of atopic dermatitis [241,242].
Sirtuin 1 (SIRT1), a members of the class III histone deacetylase family, is another potential
target as FLG has been found to be expressed in SIRT1-dependent manner [243]. Treatment
with adiponectin increased SIRT1 expression leading to upregulation of FLG expression
in human keratinocytes and thereby improving skin barrier permeability [244]. Several
bioflavonoid compounds, such as apigenin, hesperidin and apigetrin, has also been shown
to enhance FLG expression and significantly strengthen skin barrier integrity both in vivo
and in vitro [245,246].

Although novel topical interventions enhancing FLG expression or blocking acquired
FLG downregulation appear to be very promising, further studied are required to fully
assess their efficacy and safety as well as to determine the beneficial effect in human for the
few more that still have not advanced beyond in vitro and in vivo models.

9. Conclusions

In recent years, many previously unknown details regarding the mechanisms of food
allergy pathogenesis have been clarified, pointing to a strong relationship between the
impaired skin barrier and the development of food allergy, which is theoretically causal,
through epicutaneous sensitization. Thus, the prophylactic and therapeutic interventions
to restore skin barrier function are widely studied as a promising food allergy prevention
strategy. It seems reasonable to assume that early intervention targeting the skin to prevent
or modify the course of atopic dermatitis could potentially prevent the development of food
allergy by reducing the risk of epicutanous sensitization. In this review we focused on topi-
cal skin barrier-strengthening interventions, mainly moisturizers, as a simple, achievable
and safe prevention strategy. However, responses in clinical trials are varying depending
on moisturizers components and formulation, frequency, duration and age of application
indicating the need for a more precise approach in the future studies. In summary, some
moisturizers, especially a complex, ceramide-based ones, are expected to prevent or delay
the development of atopic dermatitis and food allergy in high-risk populations, whereas
others—petrolatum-based—have limited effect. The evidence on the effect of moisturizers
for food allergy prevention is very limited and uncertain, mainly due to the considerable
difficulties in measuring food allergy outcomes in preventive studies. Nevertheless, the
currently available data offer an exciting prospect for the future, however their heterogene-
ity does not allow to formulate definite recommendations at this time. Inconsistent results
suggest that there is probably no “one-size-fits-all” approach to prevention and much
remains to learned before presented strategies can be routinely implemented. We believe
the future is very bright, however, there is still a need to design extensive mechanistic
and clinical studies to fully elucidate the mechanism behind epicutaneous sensitization
and the pathogenesis of food allergy. Based on the promising results of clinical trials,
there is also reason to hope that novel topical interventions enhancing FLG expression
or blocking acquired FLG downregulation, specifically the JAK-kinase inhibitors, will be
available treatment and prevention options the near future. The key challenge now is to
continue research into skin barrier-based interventions as well as to further search for other
potential targets for the prevention of food allergies. The future findings, whether positive
or negative, will further improve our understanding of the complexity of food allergy
pathogenesis and bring us closer to the development of effective prevention strategies.
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