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The epithelial barriers of the skin, gut, and respiratory tract are critical interfaces

between the environment and the host, and they orchestrate both homeostatic and

Italy pathogenic immune responses. The mechanisms underlying epithelial barrier dys-
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1 | INTRODUCTION

The epithelial barriers of the skin, gut, and respiratory tract are
critical interfaces between the environment and the host, orches-
trating both homeostatic and pathogenic immune responses.!
Dysfunctional epithelial barriers are present in allergic and inflam-
matory disorders such as atopic dermatitis (AD), food allergy, eosin-
ophilic oesophagitis (EoE), allergic rhinitis (AR), chronic rhinosinusitis
(CRS), and allergic asthma.}™® Evidence supports the role of epithe-

lial barrier dysfunction as a driver of the aberrant immune response

function in allergic and inflammatory conditions, such as atopic dermatitis, food al-
lergy, eosinophilic oesophagitis, allergic rhinitis, chronic rhinosinusitis, and asthma,
are complex and influenced by the exposome, microbiome, individual genetics, and
epigenetics. Here, we review the role of the epithelial barriers of the skin, digestive
tract, and airways in maintaining homeostasis, how they influence the occurrence and
progression of allergic and inflammatory conditions, how current treatments target
the epithelium to improve symptoms of these disorders, and what the unmet needs

are in the identification and treatment of epithelial disorders.

biologics, I1L-25, IL-33, tight junctions, TSLP

to environmental triggers in many of these conditions, although it
may also be considered a consequence of ongoing inflammation.*
The “epithelial barrier hypothesis” proposes that the dramatically
increased prevalence of allergic disorders in recent decades, as well
as systemic autoimmune and metabolic conditions, and even neuro-
degenerative and psychiatric conditions, may be related to increased
exposure to epithelial barrier-damaging agents linked to industrial-
ization, urbanization, and modern life.>®

This review provides an overview of the epithelial barriers of

the skin, digestive tract, and airways, and explores how barrier
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dysfunction could influence the disease course of allergic and in-
flammatory conditions. Clinical biomarkers and epithelium-targeted
treatments for these conditions are also discussed, together with the

unmet needs in this field.

2 | STRUCTURE AND FUNCTION OF THE
EPITHELIUM

Epithelia form physical barriers of varying thickness and structure.
The epithelium is composed of adjacent cells, with junctional com-
plexes attaching neighbouring cells to each other and controlling
paracellular transport. An extracellular basement membrane sepa-
rates the epithelium from underlying tissues and acts as a scaffold
for growth and regeneration after injury. Epithelial tissue is nour-
ished by substances present in the lumen and diffusing from blood
vessels in the underlying tissue.!

Normally, epithelia maintain the barrier between the host and
the environment, regulate microbiome homeostasis and contrib-
ute to the development and maintenance of immune tolerance.
Following pathogenic insult, epithelia alert neighbouring stromal and
haematopoietic cells, recruit immune cells and initiate repair.

The epithelial structure in the skin, digestive tract, and airways
is tailored to the physiological needs of the corresponding organ
(Figure 1).! The epidermis (outer layer of the skin) differs from the ep-

ithelia of the digestive tract and airways in that it primarily serves as a

physical barrier against the external environment. The epidermis is de-
signed to be compact and impenetrable, with a highly stratified struc-
ture formed of squamous cells, covered in a lipid matrix that forms a
water-resistant barrier.>’ Keratinocytes, the major cell type of the epi-
dermis, proliferate in the basal layers and then progressively differen-
tiate and migrate towards the skin surface where they lose their nuclei,
cornify and flatten to form the stratum corneum.?® Tight junctions in
the central stratum granulosum form an additional component of the
skin barrier, limiting penetration of allergens and microbes, facilitat-
ing paracellular transport of soluble mediators, and regulating water
loss.?® Other epidermal cell types include Langerhans cells, which are
members of the tissue-resident macrophage family and regulate skin
homeostasis and immune responses to environmental stimuli.”

The intestinal epithelium comprises a single layer of columnar
cells, arranged in folds (villi) to maximize the surface area for nu-
trient absorption. Unlike the epidermis, the intestinal epithelium is
designed to allow nutrients to pass through. Most intestinal epithe-
lial cells are enterocytes, which are absorptive cells with microvilli.
Others include goblet cells, which produce mucus to protect the
epithelium from the contents of the intestinal lumen; Paneth cells,
which produce antimicrobial peptides; tuft cells, which are chemo-
sensory cells involved in the immune response; and stem cells, which
reside in the base of villi crypts and proliferate continuously to re-
place the epithelium.*® Intercellular junctional complexes, including
tight junctions, control paracellular transport across the intestinal

epithelium and maintain barrier integrity.!!
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FIGURE 1 Simplified structure of the epithelia of the skin, intestine, and airways. The epidermis is the epithelium of the skin and has a
stratified structure composed mainly of keratinocytes, which are replenished by a basal layer of epithelial progenitors that contact the basal
lamina. Tissue-resident Langerhans cells regulate homeostasis and immune responses to environmental stimuli. The intestinal epithelium

is composed of a single layer of ciliated epithelial cells arranged into villi. Other cells include goblet, Paneth and tuft cells, and epithelial
progenitors reside within intestinal crypts. The epithelium of the upper airway has a pseudostratified structure that transitions to a simple
epithelium in the lower airways. The airway epithelium is composed of ciliated epithelial cells, goblet cells (primarily in the upper airway), and
club cells (primarily in the lower airways). It is replenished by basal progenitor cells, which abut the basal lamina.
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Structurally, the airway epithelium shows intermediate features
between the epidermis and the intestinal epithelium, being more
permeable than the former and less permeable than the latter. The
epithelium of the upper airway has a pseudostratified structure that
transitions to a simple epithelium in the lower airways. It is composed
predominantly of ciliated cells, which move mucus upward, goblet
cells and basal stem cells. In the lower airways, other cell types are
also present, including club (Clara) cells, which synthesize protective
substances, neuroendocrine cells, which can sense airborne allergens,
and chemosensory tuft cells.**? The airway epithelium differs signifi-
cantly from that of the lung parenchyma, where the alveoli feature a
single layer of squamous epithelial cells that facilitate passive diffu-
sion of gases between the blood and lungs. As in the intestine, tight

junctions play a key role in maintaining epithelial barrier integrity.*®

3 | ROLE OF THE EPITHELIAL BARRIER IN
DYSREGULATED IMMUNE RESPONSES

Impaired immune responses are triggered by exposure of the epithe-
lium to environmental stimuli, including physical (e.g., temperature
change) and exposome (environmental exposures affecting living

systems and their genomes) factors. In homeostasis, the immune

response to allergens and other exposures does not activate inflam-
matory pathways. However, in allergic and nonallergic type 2 (T2)
diseases, the anatomical and functional homeostatic balance of the
epithelial barrier is skewed towards deleterious activation of the im-
mune system, reduced junctional integrity, and impairment of epi-
thelial barrier function (Figure 2).

When the epithelial barrier is compromised, microorganisms, al-
lergens, and other antigens can pass between epithelial cells through
the basement membrane to the underlying tissue, triggering innate
immune responses.” Innate T2 mechanisms involving T2 innate
lymphoid cells (ILC2s) occur in both T2 allergic and T2 nonallergic
diseases. In T2 allergic conditions, activation of adaptive immunity,
with generation of allergen-specific T helper (Th) 2 cells and immu-
noglobulin E (IgE) synthesis, also occurs. T2 responses are initiated
by epithelial cytokines, or “alarmins”—thymic stromal lymphopoietin
(TSLP), interleukin (IL)-33 and IL-25—released from the epithelium
in response to environmental exposures. These epithelial cytokines
activate ILC2s and promote the maturation of resident myeloid den-
dritic cells, which prime naive T cells for differentiation to Th2 cells.*

Th2 cells and ILC2s secrete key T2 cytokines: IL-5, IL-4, and IL-
131 |L-5 and the epithelial cytokines themselves activate and re-

15-17

cruit eosinophils, which secrete cytokines, lipid mediators, and

oxygen radicals.'® Eosinophil activation can cause tissue remodelling
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FIGURE 2 Development of epithelial dysfunction across allergic and inflammatory conditions. Exposure to allergens, pathogens, and
environmental pollutants can harm the epithelium. These include house dust mite allergens, certain bacteria, fungus, and viruses; food
allergens; emulsifiers and other additives found in ultra-processed food; detergents and surfactants found in laundry, dishwashing, domestic
cleaning products, and toothpaste; and cigarette smoke, particulate matter, diesel exhaust, ozone, nanoparticles, and microplastics. Epithelia
exposed to these factors are characterized by increased permeability, loss of differentiation, and a reduced homeostatic capacity. Infiltration
of environmental antigens through a disrupted barrier can then drive sensitization and immune hyperreactivity, with consequent occurrence
of allergic and inflammatory diseases. Over time, a cycle of injury and failed repair can lead to remodelling of the subepithelial tissue. ECM,
extracellular matrix.
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by damaging the endothelium, inhibiting repair, and stimulating fi-
brosis.}”?° IL-4 causes B cells to produce IgE antibodies, which sen-
sitize mast and dendritic cells.* IL-13 stimulates mucus production
and smooth muscle contraction, and impairs the epithelial barrier by
opening tight junctions.}*?123 Prolonged periods of inflammation
can cause lasting structural changes in the epithelium.

In addition to T2 responses, epithelial barrier insults can trigger
a variety of other immune reactions. Type 1 responses, directed pri-
marily at intracellular pathogens, particularly viruses, involve ILC1s,
natural killer cells, macrophages, and neutrophils, with interferon y
being the main effector cytokine.?*2> Type 3 responses, directed
primarily at extracellular microbial pathogens, including bacteria and
fungi, involve Th17 cells, ILC3s, and neutrophils, and are mediated
primarily by IL-17.2%2° Further types of allergic hypersensitivity re-
actions and disease endotypes relevant to epithelial disorders have

recently been defined.?

4 | CHARACTERISTICS OF ALTERED
EPITHELIAL BARRIERS IN ALLERGIC AND
INFLAMMATORY DISEASES

Epithelial barrier alteration is present in allergic and inflammatory
diseases of the skin, digestive tract, and airways, with differing char-

acteristics (Figures 3 and 4).

Antigen Itch—
infiltration scratch

4.1 | Skin

AD is a systemic, inflammatory skin disease characterized by the in-
terplay between an “outside-in” mechanism, where epidermal barrier
dysfunction causes immune activation, and an “inside-out” mecha-
nism, where cytokine release drives skin barrier dysfunction.?¢-28
Inflammation in AD is heterogeneous.?®?’ While T2 immune sig-
natures prevail, with increased expression of IL-4 receptor (R), IL-4,
IL-13, I1L-33, and TSLP,28’29 an increased Th17 signature is also seen
in the Asian endotype of AD.%° Signalling through type Il IL-4/1L-13
receptors on keratinocytes is particularly associated with barrier
alterations.3! AD is primarily driven by T cells, including cutaneous
lymphocyte-associated antigen (CLA)* T cells,>? whereas IgE is a by-
stander in most cases and eosinophil counts are variable.? Infiltration
of mast cells, basophils, and Th2 cells leads to I1L-13 and histamine re-
lease. These mediators act on their corresponding receptors to trigger
pruritus. The resultant itch-scratch cycle of AD disrupts the stratum
corneum, impairing the skin's barrier function and allowing further en-
vironmental damage and antigen penetration.?®3

Further to the T2-driven mechanisms of AD, type 1-driven kerat-
inocyte apoptosis, mediated by T cells infiltrating the skin, also plays
a key role.®* Additionally, increased expression of IL-22, a cytokine
that promotes keratinocyte proliferation and regulates type 3 innate

immune responses, is associated with acute and chronic moderate-
35,36

to-severe AD and correlates with epithelial barrier defects.
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FIGURE 3 Key features of epithelial dysfunction in atopic dermatitis, eosinophilic oesophagitis, and asthma. Exposure of epithelia to
harmful environmental factors and subsequent epithelial dysfunction can manifest in the skin, gastrointestinal tract, and airways as clinical
conditions such as atopic dermatitis, eosinophilic oesophagitis, and asthma. In atopic dermatitis, inflammation and the itch-scratch cycle
lead to an impaired skin barrier, allowing antigen infiltration and development of epidermal defects, such as spongiosis (intercellular oedema)
and acanthosis (epidermal thickening). In eosinophilic oesophagitis, inflammation and epithelial/subepithelial defects are present, including
barrier impairment, basal cell hyperplasia, fibrosis, and smooth muscle hypertrophy. In asthma, goblet and basal cell hyperplasia, and tissue
remodelling occur, including basement membrane thickening, subepithelial fibrosis, and smooth muscle hypertrophy. ECM, extracellular

matrix.
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FIGURE 4 Inflammatory cascades
downstream of epithelial disruption

in atopic dermatitis, eosinophilic
oesophagitis, and asthma. Epithelial
barrier disruption triggers the release of
epithelial cytokines (TSLP, IL-33, and IL-
25) that drive downstream inflammatory
cascades potentially involving type 2
allergic, type 2 nonallergic, or non-type 2
neutrophilic inflammation. IL, interleukin;
TSLP, thymic stromal lymphopoietin.
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Genetic predisposition can contribute to AD. Some patients
display loss-of-function mutations in the gene encoding filaggrin,
a protein involved in the final differentiation of keratinocytes.37
Mutations in claudins 1, 4, and 8 can affect the formation of tight
junctions.7 Both lesional and non-lesional skin in patients with AD
exhibits terminal keratinocyte differentiation defects, resulting in
hyperproliferation of the basal layer of the epidermis and barrier
lipid abnormalities, compromising the skin barrier.®® Histologically,

AD is characterized by significant spongiosis and acanthosis.%’

4.2 | Digestive tract

EoE is an immune-mediated disease characterized by infiltration of
eosinophils into the oesophagus. EoE can be driven by sensitization
to food allergens and involves a combination of T2 mechanisms.*°
Epithelial alterations include basal cell hyperplasia, dilated intercel-
lular spaces, epithelial shedding (desquamation), and apical junction
complex (AJC) defects.*! Epithelial cytokines released following bar-
rier disruption and subsequent IL-5, IL-4, and IL-13 secretion pro-
mote a Th2 immune response, leading to irreversible oesophageal
remodelling, including strictures.*>*3 IL-13 further contributes to
barrier disruption and can cause oesophageal dysfunction via col-
lagen deposition, angiogenesis, and epithelial hyperplasia, indepen-
dently of eosinophilic inflammation.*3-4

Food allergy may also derive from alterations in intestinal bar-
rier structure and function.**>' Environmental factors, acting di-
rectly on the gut barrier or indirectly on the microbiome, affect the
integrity of tight junctions, and altered expression of tight junction
proteins (and other defects) has been associated with intestinal sen-
sitization to food allergens.’®4¢ The interaction between the gut mi-
crobiome and intestinal eosinophils has also been associated with
alterations to the epithelial barrier.>

Primary sensitization to food allergens is thought to occur
through cutaneous or gut exposure via barrier impairment.”®>*
IL-33 release induced by mechanical skin injury triggers an expan-
sion of IL-25-producing intestinal tuft cells. IL-25 drives activation
of IL-5/IL-13-secreting ILC2s in the intestine, increasing mast cell
numbers and intestinal permeability.55 Following sensitization,
subsequent exposure to the allergen triggers IgE-mediated release
of preformed inflammatory mediators, such as histamine or hepa-
rin, from mast cells.>® Rapid synthesis and release of lipid mediators
(leukotrienes, platelet-activating factor, and prostaglandins) and
the production of cytokines by activated mast cells follows. In ge-
netically predisposed individuals, similar immunological pathways

can be activated in the absence of an IgE-mediated reaction.’”>8

4.3 | Airways

Bronchial asthma is a heterogeneous disorder of the lower airways,
characterized by inflammation, hyper-responsiveness, and variable air-
flow obstruction. Although inflammation is predominately driven by T2

pathways, approximately 20% of patients with severe asthma have a
T2-low phenotype, the underlying mechanisms of which remain poorly
understood.’”®° Asthma onset before 16years of age is usually driven
by T2 allergic mechanisms (IgE sensitization to aeroallergens), with T2-
high and T2-low inflammation observed in adult-onset asthma.*

Epithelial dysfunction and the subsequent triggering of T2 in-
flammatory cascades are key features of asthma pathogenesis.®?
Epithelial shedding and/or the loss of functional ciliated cells is com-
mon,’! and epithelial apoptosis may be induced by cooperating eo-
sinophils and T cells.®® Downregulation of junction proteins can occur
owing to environmental stimuli or inflammatory processes, leading
to a loss of epithelial integrity that can increase susceptibility to re-
spiratory infections.?® Alterations in cellular composition are also ob-
served, with goblet cell hyperplasia (in large airways) and metaplasia
(in small airways) combining with submucosal gland hypertrophy to
result in excessive mucus production, driven by IL-13.2* AJC disrup-
tion and other factors promote epithelial-to-mesenchymal transition
(EMT), in which epithelial cells lose their polarity, adhesiveness, and
anchorage to the basal membrane, and acquire mesenchymal fea-
tures, such as migratory abilities. Features of airway remodelling,
including thickening of the basement membrane, subepithelial fibro-
sis, angiogenesis, and smooth muscle hyperplasia, can also occur and
contribute to persistent airway restriction.®*%*

CRS is an inflammatory disease of the nose and paranasal si-
nuses. Although often classified phenotypically as CRS with nasal
polyps (CRSWNP) or without nasal polyps (CRSsNP),®> guidelines
advocate for an endotypic classification based on the presence or
absence of T2 inflammation.®® In Western countries, most patients
with CRSwWNP display T2 features, whereas most patients with
CRSsNP show a mixed eosinophilic-neutrophilic pattern.®® In CRS,
the upper airway epithelium undergoes many of the changes ob-
served in asthma, including basal cell dysplasia, cilia loss, impaired
secretory cell function, subepithelial extracellular matrix deposition,
and EMT.%” EMT has been more commonly observed in biopsied tis-
sue from patients with CRSWNP than those with CRSsNP.°® The epi-
thelial barrier in patients with CRSWNP shows decreased expression
of tight junction proteins compared with healthy controls, which
may be regulated by IL-4 and interferon y.69 Epithelial apoptosis in
CRS, characterized by submucosal infiltration of T cells, has also
been shown to be regulated by interferon y.70

AR is an IgE-mediated inflammatory response to aeroallergens.
As in asthma, AJC impairment, T2 inflammation, eosinophilia, and
mast cell and basophil involvement are key features.”*”? Unlike
asthma, tissue remodelling does not appear to be a consistent find-
ing in AR.”?

5 | CAUSES OF EPITHELIAL BARRIER
DYSFUNCTION

Both environmental and genetic factors influence the epithelial bar-
rier's anatomical and functional integrity, some of which may pre-
dispose it to disruption and, subsequently, inflammatory disease.
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5.1 | Role of the exposome in epithelial
barrier integrity

As already noted, changes in the exposome, particularly increasing
exposure to environmental agents related to industrialization, ur-
banization, and modernization, may underly the increased incidence
of allergic and inflammatory diseases worldwide. 347374

Air pollution, including particulate matter, ozone and diesel
exhaust, disrupts epithelial integrity via tight junction damage,
T2 and non-T2 inflammatory responses, and epigenetic changes
in immune cells, and is associated with asthma and AD develop-
ment.”>”>77 Furthermore, air pollution alters both the airway

75,78,79 and

microbiome, with a negative impact on lung function,
the gut microbiome.®° Micro- and nano-plastics, which individuals
may be exposed to through contact, ingestion or inhalation, have
been shown in preclinical models to penetrate epithelial barriers,
disrupt cell membranes and denature proteins, triggering inflam-
mation and apoptosis.®183

Climate change and global warming are increasing both the con-
centration and the allergenicity of airborne pollens and fungi,4-88
as well as the season length of airborne poIIens.Sg'90 These changes
have subsequent effects on respiratory conditions and potentially
other allergic disorders.”® Proteases derived from pollens damage
airway epithelial barriers by disrupting tight junctions and the an-
chorage of epithelial cells.?*"%3

Detergents and surfactants used in cleaning products, such as
laundry and dishwasher products and toothpaste, induce epithelial
barrier dysfunction and inflammation in the skin, oesophagus, intes-
tine and airways, with recent preclinical studies identifying mecha-
nisms including 1L-33 release and tight junction disruption.”*?8 In
humans, exposure to these substances is associated with asthma, AR
and AD, and may also be linked to EoE.79-102

Consumption of a Western diet and ultra-processed foods
negatively impacts intestinal epithelium integrity. Preclinical mod-
els have shown that high fat and sugar consumption increases
transepithelial antigen uptake, reduces mucus thickness, and al-
ters microbiota composition.!°3719% Low fibre intake alters bacte-
rial metabolism, causing degradation of gut mucus glycoproteins
and increasing susceptibility to inflammation.10 Ultra-processed
foods contain high levels of dietary advanced glycation end prod-
ucts, which may facilitate food allergy by impairing the gut barrier
and by inducing immune dysfunction.*®” Furthermore, food emul-
sifiers induce a pro-inflammatory response in intestinal epithelial
barriers and cause direct cell toxicity at high concentrations.*%®
Food colourants have been shown to cause epithelial damage in

mice via myosin light chain kinase activation.'%’

5.2 | Interactions between the microbiome and the
epithelial barrier

The microbiome is integral to the regulation of immune tolerance
mechanisms. Early exposure to microbes from the mother, wider

family, and environmental sources contributes to microbiome
development.

High consumption of ultra-processed foods and a low fibre
intake negatively affect microbiome diversity and composition,
microbial metabolism, and immunological tolerance.’'°12 Gut
bacterial metabolites, including short-chain fatty acids, interact
with immune cells and suppress the release of pro-inflammatory
cytokines, promote barrier structure and function, and reduce
epithelial permeability,113 Children with high levels of the short-
chain fatty acids butyrate and propionate in their stools at 1year
of age have significantly less atopic sensitization and are less likely
to develop asthma between the ages of 3years and 6years than
those with low levels; they also have lower risks of food allergy
and AR

In the airways, Haemophilus, Moraxella, Neisseria, and
Streptococcus overgrowth is associated with childhood
asthma.'*>1¢ Colonization of the upper airways by Pseudomonas
and Staphylococcus is often observed in CRS and is associated with
asthma development. 1617

In the skin, reduced bacterial diversity and increased coloniza-
tion by Staphylococcus aureus is seen in infants who subsequently
develop AD.M8 S qureus produces proteases that penetrate the epi-
dermis and stimulate Th2 cytokine production. Of note, S.aureus
induces activation of CLA* T cells, resulting in IL-13 production in
particular, a key driver of eczema severity.®>!¥ These activities pro-
mote further bacterial invasion by increasing S. aureus binding sites,
inhibiting Toll-like receptor function, and decreasing antimicrobial
peptide production.?1%°

Bacterial metabolites from the gut exert an influence on the
lungs either via the circulation or through migration of immune cells
stimulated by bacterial factors.'?%*?2 Furthermore, gut-lung com-
munication is bidirectional.*?! Disrupted gut or lung colonization
can become a risk factor for the development of respiratory dis-

123124 through a variety of mechanisms, including inadequate

ease
training of immunotolerance, inefficient colonization resistance,
and/or improper lung morphogenesis.*?>"*2” Gut dysbiosis has also
been associated with AD development in children, suggesting that

pathogenic colonization may drive systemic atopy.?®

5.3 | Genetic and epigenetic influences on
epithelial barrier function

Disorders of the immune response are strongly influenced by ge-
netics, with many atopic susceptibility genes involved in the con-
trol of epithelial barrier homeostasis. Many genes associated with
AD are located on chromosome 121 (referred to as the epidermal
differentiation complex), including those encoding filaggrin, kine-
sin 3A, and other proteins important for keratinocyte maturation
and skin barrier function.?® Mutations in several asthma suscep-
tibility genes are thought to be linked to aberrant epithelial re-
modelling, the unfolded protein response, and lipid biosynthesis.”
Genome-wide association studies show that AD, AR, and asthma
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also share genetic risk loci resulting in dysregulation of immune-
related genes.?? Polymorphisms of the TSLP gene are associated
with increased risks of AD, asthma, airway hyperresponsiveness,
nasal polyps, and EoE.'307132 Qverall though, disease-associated
alleles have small effect sizes, highlighting the importance of
complex gene-environment interactions in influencing disease
processes.

Epigenetic mechanisms, including DNA methylation and post-
transcriptional regulation by microRNAs (miRNAs), can induce
immune system-level changes in gene expression that affect in-
flammatory disease prognosis.’®® TSLP is a methylation-sensitive
gene, with epigenetic alterations associated with AD, asthma, and
CRSWNP.1¥4135 Hypomethylation of KRT5 is one of the main epi-
genetic changes associated with asthma, resulting in upregulation
of keratin 5 in basal airway epithelium and dysregulated epithelial
differentiation.” DNA methylation in bronchial mucosa differs be-
tween patients with atopic and nonatopic asthma.'*® Differences
in expression of miRNAs targeting immune-associated genes have
been found in epithelial samples from patients with AD, AR, and
asthma.’® Children with IgE-mediated cow's milk allergy exhibit
downregulation of miR193a-5, resulting in increased levels of IL-
4138 35 well as altered methylation status in Th1 and Th2 response
mediator genes.?®8-14 polution is a known driver of epigenetic al-
terations, with diesel exhaust and cigarette smoke altering bronchial
epithelium DNA methylation and expression of miRNAs involved in
several asthma-related processes, such as oxidative stress, apop-
tosis, autophagy, NF-xB signalling, EMT, and various inflammatory

responses.'37141

6 | RELATIONSHIPS BETWEEN
EPITHELIAL BARRIERS OF DIFFERENT
ORGANS

The “allergic march” or “atopic march” refers to a progression of
Th2-mediated immune conditions, with manifestations affecting
multiple organ systems.’*? AD is often the first manifestation of
the allergic march.'*® Children with AD are more likely to develop
food and respiratory allergies, with the likelihood increasing with
early-onset/persistent AD.*? Cutaneous exposure to common
food antigens (e.g., peanuts) together with impaired skin barrier
function potentially drives sensitization in children with AD.}#*
Repeated exposure to the same antigens stimulates epithelial re-
lease of IL-33 and TSLP, activating an immune cascade that trig-
gers systemic dysregulation of immune tolerance, affecting the
intestines and airways.}*>4¢ Mechanical skin injuries in AD also
cause systemic release of IL-33, which activates intestinal mast
cells and increases intestinal permeability, potentially increasing
the likelihood of anaphylaxis in children with comorbid AD and
food allergy.”>'#7148 Sensitization to food and inhaled allergens
in infancy and early childhood is associated with higher risks of

wheezing, asthma, and AR by 10years of age.128

Evidence suggests that EoE could be a late manifestation of the al-
lergic march. A paediatric virtual birth cohort study showed that chil-
dren with IgE-mediated food allergy had a nine-fold increased risk of
developing EoE, and that a personal history of AD, IgE-mediated food
allergy, and asthma was independently and cumulatively associated
with an increased risk of developing EoE.*’ Genetic and mechanistic
studies have shown that TSLP promotes EoE, strengthening the link
between the epithelium and the allergic march.'#?

Many patients do not follow a strict linear progression from AD
to food allergy, EoE, asthma, and AR. Why some individuals develop
certain atopic conditions and not others is poorly understood, and
many children will experience only one atopic condition without fur-
ther progression.’*? Twin and sibling studies indicate that the link
between AD and allergic asthma may be independent of shared en-

vironmental factors.**°

7 | CLINICAL BIOMARKERS OF
EPITHELIAL BARRIER DISRUPTION

The identification of reliable biomarkers of susceptibility, diagno-
sis and disease monitoring, as well as predictors of the response
to treatment, is key to providing personalized treatment. Although
few accurate and easily obtainable biomarkers are available for
epithelial-driven diseases, omics approaches are increasingly used

for differential analysis and biomarker discovery.

71 | Atopic dermatitis

An unmet need remains for reliable biomarkers that can confirm
AD among the heterogeneous eczema population.!®* Candidate di-
agnostic biomarkers include nitric oxide synthase 2/inducible nitric
oxide synthase, human p-defensin-2, and matrix metalloproteinases
8 and 9. Squamous cell carcinoma antigen 2, thymus and activation-
regulated chemokine, cutaneous T cell-attracting chemokine,
eosinophil-derived neurotoxin, macrophage-derived chemokine,
lactate dehydrogenase, and IL-18 may be useful biomarkers for
monitoring disease severity. Lactate dehydrogenase, thymus
and activation-regulated chemokine, pulmonary and activation-
regulated chemokine, periostin, IL-22, eotaxin-1/3, and IL-8 may be

biomarkers for monitoring treatment effects.*>*

7.2 | Eosinophilic oesophagitis

No validated, noninvasive biomarkers have been established for the
diagnosis and monitoring of EoE.'*? Studies of patients with EoE-
like disease but without eosinophilia suggest that conventionally
defined EoE may be one phenotype on a broader “inflammatory
dysphagia syndrome” spectrum. These patients exhibited an almost

complete absence of oesophageal eosinophils but considerable
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T-cell infiltration and could be differentiated from patients with EoE
and healthy controls by mRNA expression of eotaxin-3, MUC4, and
CDH26.13

7.3 | Food allergy

Food allergy screening tests (e.g., skin-prick tests, serum food-
specific IgE levels, and atopy patch tests) are commonly used to
identify sensitization to distinct foods. Nevertheless, the correla-
tion between test positivity and clinical reactivity to foods is poor,
and oral food challenge is generally required to confirm a diagnosis
of food allergy.*>* The basophil activation test is a patient-friendly,
in vitro alternative that can provide a definitive diagnosis without
the need for an oral challenge.154 Similarly, the mast cell activation
test can support a diagnosis of plant food allergy.’®® Although bio-
markers for food allergy are lacking, transcriptomic, epigenomic, mi-
crobiomic, and metabolomic biomarkers are being investigated.**¢

74 | Allergic asthma

Although biomarkers of asthma are available, not one of them uni-
vocally identifies and differentiates between phenotypes, although
they can provide insight into inflammatory characteristics. The T2-
high phenotype can be further subdivided into two phenotypes.
First is a classical (typically early onset) allergic phenotype, identi-
fied through the presence of allergen-specific IgE in serum and
demonstration of the clinical relevance of the sensitization. These
patients typically have mild blood eosinophilia and high fractional
exhaled nitric oxide (FeNO) and serum total IgE levels.”® Second is
a late-onset eosinophilic phenotype, characterized by eosinophilia
and high FeNO levels, normal or mildly elevated serum total IgE lev-
els, and high levels of serum IL-5 and IL-13.%7 The T2-low phenotype
is less well defined; some patients display non-T2 haematopoietic
inflammation, with elevated tumour necrosis factor a and IL-17 lev-
els and neutrophilic airway inflammation,*>” whereas others show
no haematopoietic infiltrate in the bronchi.*>® Currently, “epithelial
dysfunction-driven” asthma cannot be easily identified. Increased
asthma exacerbations in response to environmental triggers (e.g.,
pathogens, pollutants, pollens, and moulds) might be explored as a
“fingerprint” of epithelial involvement, especially when poor asthma
control persists despite targeting traditional T2 inflammatory

drivers 1377162

7.5 | Chronic rhinosinusitis with nasal polyps

CRSWNP is usually characterized by intranasal eosinophilia and lo-
cally elevated IL-5, which correlate with disease severity and re-
currence of nasal polyps after endoscopic sinus surgery.163 Nasal

nitric oxide correlates with eosinophilic upper airway inflammation.

Nevertheless, nitric oxide levels tend to be lower in patients with
CRSWNP than in healthy individuals, which may result from nasal
congestion hindering nitric oxide exhalation.164-16¢ Consistently el-
evated levels of periostin, an extracellular matrix protein secreted
in response to IL-4 and IL-13, have been found in patients with
CRSWNP relative to those with CRSsNP and healthy controls, and
correlate with disease severity.'*” P-glycoprotein is upregulated in
T2 inflammation, with secretion levels increased in the mucus of
patients with CRS, and higher levels associated with CRSWNP and

greater disease severity.'¢®

7.6 | Allergic rhinitis

Positive skin-prick tests and/or serum specific IgE levels for seasonal
and perennial aeroallergens are used to screen for AR, although con-
firmation of the diagnosis may require a nasal allergen challenge.’
Nasal cytology can be used to support the differential diagnosis of
rhinitis with and without inflammation and eosinophilia, and an asso-
ciation has been found between serum total IgE levels and the sever-
ity of nasal eosinophilia.170 High nasal eosinophil levels also predict

the clinical efficacy of subcutaneous immunotherapy.!’?

8 | TARGETING THE EPITHELIUM FOR
THE TREATMENT OF ALLERGIC AND
INFLAMMATORY DISEASES

Several biologic therapies for allergic and inflammatory diseases di-
rectly or indirectly target the epithelium of the skin, digestive tract,

and airways (Figure 5).

81 | Anti-TSLP

Tezepelumab is a human monoclonal antibody (mAb) that blocks
TSLP.Y2 In addition to driving T2 inflammation, TSLP has been
shown to mediate non-T2 interactions between epithelial cells,
immune cells, and structural cells.* Tezepelumab is approved for
severe, uncontrolled asthma without phenotypic restriction, hav-
ing shown efficacy irrespective of baseline T2 biomarker levels
(albeit with greater efficacy in patients with higher T2 biomarker

levels),'”®

and is being investigated in CRSWNP and EoE. Treatment
with tezepelumab reduces levels of T2 inflammatory biomark-
ers (blood eosinophils, airway eosinophils, FeNO, IL-5, IL-13, and
periostin) and exacerbations, and improves forced expiratory vol-
ume in 1s, in patients with severe, uncontrolled asthma.t’?%7%
Tezepelumab also reduces airway hyperresponsiveness to manni-
tol, indicating that TSLP blockade might have additional benefits in
asthma beyond reducing T2 airway inflammation.’%'”” The lack of

D178

efficacy of tezepelumab in A may reflect the mixed aetiology

of the disease.
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FIGURE 5 Approved and investigational biologic therapies for epithelial-driven allergic and inflammatory disease. AD, atopic dermatitis;
AR, allergic rhinitis; CRSWNP, chronic rhinosinusitis with nasal polyps; EoE, eosinophilic oesophagitis; IgE, immunoglobulin E; IL, interleukin;

NP, nasal polyps; R, receptor; TSLP, thymic stromal lymphopoietin.

8.2 | Anti-IL-33/anti-ST2

IL-33 activates cells of both the innate and adaptive immune sys-
tems.t”? Itepekimab, a mAb against IL-33, reduced the incidence of
events indicating a loss of asthma control and improved lung func-
tion in a phase 2 study.®° Astegolimab, a mAb targeting the IL-33
receptor ST2, has also shown efficacy in a phase 2 asthma study.*8!
Tozorakimab is a dual-pharmacology anti-IL-33 mAb in a phase 2 trial

for asthma.*®?

8.3 | Anti-IL-4Ra (anti-IL-4/IL-13)

Dupilumab inhibits IL-4 signalling via the type | receptor IL-4Ra/yc,
and both IL-4 and IL-13 signalling through the type Il receptor IL-
4Ra/IL-13Ra. Blocking the IL-4/IL-13 pathway decreases many of
the downstream mediators of T2 inflammation.*®® Dupilumab is ap-
proved for AD, asthma, CRSWNP, and EoE, and is being investigated
in food allergy.*®*'8> Dupilumab has also been shown to reduce
S.aureus colonization and specific IgE levels of several food allergens

in AD.186_188

84 | Anti-IL-13

In the skin, excess IL-13 reduces antimicrobial peptide produc-
tion, facilitating S.aureus colonization in AD.'®? The anti-IL-13 mAb
tralokinumab is approved for adults with moderate-to-severe AD.
Tralokinumab treatment was shown to increase microbial diversity,

reduce S.aureus levels and increase levels of commensal staphylo-
cocci.r® The high-affinity anti-1L-13 mAb lebrikizumab also showed
efficacy in AD in phase 3 trials.? In the oesophagus, IL-13 release
results in eosinophil and mast cell infiltration, epithelial barrier dis-
ruption, and tissue remodelling.41 Cendakimab is an anti-IL-13 mAb
being investigated in EoE, with a phase 2 trial showing that it re-
duces eosinophil counts and improves histologic scores and mucosal

appearance.'??

8.5 | Anti-IL-5/IL-5Ra

Anti-IL-5/I1L-5Ra mAbs attenuate T2 inflammation by reducing eo-
sinophils in the airway and oesophageal epithelium, as well as mast
cells in the oesophagus.193 The anti-IL-5 mAbs mepolizumab and
reslizumab have been approved for severe, uncontrolled asthma.
Mepolizumab reduces airway eosinophils, deposition of subepithe-
lial extracellular matrix (associated with airway remodelling) and
production of IL-25 and TSLP.}?4"> Mepolizumab is also approved
for the treatment of CRSWNP and is being investigated in EoE.}?%17
Benralizumab (anti- IL-5Ra mAb) is approved for severe eosinophilic
asthma and is being investigated in CRSWNP, eosinophilic gastroen-
teritis, and other eosinophilic conditions.

8.6 | Anti-IgkE

Anti-IgE treatment reduces serum free IgE and downregulates IgE
receptor expression on circulating basophils, resident mast cells, and
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B cells.}”8-200 Thjs inhibits IgE-mediated release of inflammatory me-
diators, attenuating the response to allergens.?°°-2°2 Omalizumab,
an anti-IgE mAb, has been shown to increase the allergen threshold
needed to activate effector cells and inhibit IgE-mediated transport
across epithelial barriers.2°®> Omalizumab is approved for T2 allergic
asthma, chronic spontaneous urticaria and CRSWNP, and is being
investigated in AR.2%4 Ligelizumab, an anti-IgE mAb with greater
IgE-binding affinity than omalizumab, is being investigated in food

allergy.205

8.7 | Nonbiologic treatments

Various nonbiologic treatments for allergic disorders exert their
therapeutic effects through targeting the epithelium.

In AD, ceramide-based emollients can restore the skin's epithe-
lial barrier, reducing susceptibility to irritants, normalizing skin pH,
decreasing allergen protease activity, and ameliorating inflamma-
tion.?® Topical calcineurin inhibitors or corticosteroids can further
aid barrier repair.?®

Probiotic consumption promotes Th1- versus Th2-mediated in-
flammation and reduces AD disease severity.mé*207 Topical creams
containing prebiotics or bacterial lysate are effective in restoring
microbiome diversity and reducing exacerbations in AD.% Early
research into the use of probiotics for treating upper respiratory
conditions has suggested that species associated with gut epithelial
repair, such as Lacticaseibacillus casei, may improve epithelial integ-
rity in AR and CRS.2%8

Inhaled corticosteroids may enhance airway epithelial integrity
in asthma by improving tight junction assembly, as well as decreas-
ing goblet cell hyperplasia and airway inflammation susceptibility.®*
Nasal corticosteroids are effective in restoring epithelial integrity in
the upper airway in AR and CRS, by decreasing airway inflammation

and upregulating tight junction proteins and protocadherin-l.208

9 | CONCLUSION

Epithelial barrier dysfunction is both a driver and consequence of
immunological and inflammatory disorders, with underlying mech-
anisms that are complex and influenced by interactions between
the exposome, microbiome, individual genetics, and epigenetics.
An unmet need remains for treatments targeting epithelial impair-
ment in AD, EoE, food allergy, AR, CRS, and asthma. An important
first step will be identifying clinically applicable biomarkers and
manifestations that differentiate patients with epithelial impair-
ment as the main disease driver from those with inflammation-
driven phenotypes. An interesting avenue of investigation is the
possibility of system-level therapeutic targets for epithelial dys-
function, to prevent or treat the allergic march. Adult and paediat-
ric allergy specialists trained in T2-driven diseases could play a key
role in advancing this line of inquiry, in coordination with single-
organ specialists.
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