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Abstract
Purpose of the Review This review covers recent findings describing roles for tight junction proteins in the mucosal barrier and
their dysfunction in atopic diseases.
Recent Findings Mucosal barrier dysfunction is commonly associated with chronic inflammation. Changes in tight junction
protein expression and localization can be indicators of disease progression in allergic rhinitis. In addition, alterations in tight
junctions may have a role in the initial onset of asthma. Lastly, polymorphisms in tight junction genes can be early predictors for
atopic dermatitis risk and severity.
Summary Tight junctions play a vital role in maintenance of the epithelial barrier and are frequently disrupted in chronic
inflammatory disease. Future study is warranted to evaluate novel targeted therapeutics that promote barrier function in the
treatment of atopic disease.
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Introduction

The mucosal epithelium acts as a physical barrier between the
external environment and the underlying body. Within the
upper aerodigestive tract, this barrier serves as the first line
of defense against allergens and other pro-inflammatory me-
diators (i.e., pathogens, toxins) that may be introduced via
ingestion or inhalation [1, 2]. Essential to its function in host

defense, the epithelial barrier is selectively permeable,
allowing the movement of nutrients and small ions across
the barrier while preventing the passage of toxins and patho-
gens. Movement across the epithelial layer is regulated by
tight junctions (TJs) that are formed at sites of epithelial inter-
cellular contact. These TJs bring adjacent cells into close prox-
imity, creating a semi-permeable barrier between cells [3].
Each junction is made of protein complexes that interact both
within a cell and between cells across the paracellular space
[4]. TJs are made up of transmembrane proteins, cytoplasmic
scaffolding and adaptor proteins, and cytoskeletal filaments
[5].

Barrier Structure: Claudins, Occludin, and Zonula
Occludens Proteins

Claudins are a family of more than 20 distinct transmem-
brane proteins that serve as the major functional unit of
tight junctions and mediate epithelial barrier function
throughout the upper and lower airways. Claudin expres-
sion is regulated throughout the respiratory tree, and
claudins concentrate at sites of highest barrier function
such as epithelial cells lining the alveoli [6]. In the lower
airway, where the role of claudins in epithelial barrier
function is well defined, claudins can be classified based
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on their ability to promote or restrict paracellular perme-
ability. One group of claudins (e.g., claudin-2, claudin-10,
claudin-15) is considered “leaky” by promoting the for-
mation of pores that permit the passage of small mole-
cules across the epithelium, while another group (e.g.,
claudin-1, claudin-4, claudin-7, and claudin-8) are consid-
ered sealing by restricting movement across the barrier
[6]. In the human nasal mucosa, claudin-1, claudin-2,
claudin-4, claudin-5, claudin-6, claudin-7, claudin-8,
claudin-9, claudin-12, claudin-13, and claudin-14 have
been detected either in multiple epithelial layers or in
cultured primary nasal epithelial cells [7, 8•].

Although claudins are a major class of TJ transmem-
brane proteins, they are accompanied by other integral
proteins at the cell surface. Occludin was the first trans-
membrane TJ protein to be identified; however, it does
not directly contribute to the mechanical paracellular bar-
rier. Instead, multiple studies have demonstrated that
occludin is an important regulator of epithelial barrier
function in multiple tissues, including the airway and the
skin [9].

Junctional stability is regulated by the zonula occludens
(ZO) scaffolding proteins that have known interactions with
various claudins and occludin. ZO proteins (ZO-1, ZO-2, ZO-
3) largely function to bind to the actin cytoskeleton and help
anchor TJs. ZO proteins are also expressed in epithelial cells
throughout the airway where they remain largely localized to
the cell borders (Fig. 1).

The contribution of TJs to mucosal barrier dysfunction is
an emerging topic. TJ function is often impaired by inflam-
mation, with recent findings underscoring the role of TJs and
barrier function in chronic inflammatory disease [10••]. Here,
we review recent studies identifying roles for TJ proteins in
atopic disease, including allergic rhinitis (AR), atopic derma-
titis (AD), and asthma.

Allergic Rhinitis

AR is characterized by local, type-1 IgE-mediated hypersen-
sitivity reactions to environmental antigens [11••]. Mucosal
barrier defects are well characterized in AR, often resulting
from local inflammation and serving as a route for increased
antigen exposure [12]. Recent studies investigating barrier
defects in AR have been conducted by Steelant and colleagues
using tissue explants from AR patients. These studies used
canonical barrier function tests such as transepithelial resis-
tance (TER) and dye flux assays to highlight deficiencies in
barrier function associated with AR. In a 2018 study in the
Journal of Allergy and Clinical Immunology, Steelant et al.
found that nasal explants from AR patients showed decreased
TER, and displayed an increase in tissue permeability com-
pared with control samples taken from healthy subjects [13••].
This study was able to measure barrier dysfunction directly in
AR patient samples. Steelant et al. also observed a reduction in
bothOCLN (occludin) and TJP1 (ZO-1) mRNA expression in
AR patient samples compared with healthy controls. This re-
duction was also present at the protein level where a reduction
in occludin and ZO-1 protein was measured by immunofluo-
rescence. In contrast, there were no changes in the expression
of the barrier promoting claudin-1 and claudin-4 [13••]. In
addition to providing a mechanistic basis for increased barrier
permeability in AR, this study underscores that the barrier
forming function of claudins can be modulated by the regula-
tory functions of decreased occludin and ZO-1 expression
without any changes in claudin expression.

Steelant et al. reported similar results in a 2016 study in-
vestigating barrier function in house dust mite (HDM)–in-
duced AR tissue biopsies [14•]. They found decreased TER,
increased dye permeability, and decreased occludin and ZO-1
mRNA and protein levels in HDM-induced AR patient sam-
ples comparedwith healthy controls. This phenotype persisted
in cell culture where HDM-induced AR nasal epithelial cells
were dissociated from tissue and grown in cultured mono-
layers. AR nasal epithelial cells displayed the same relative
one third reduction in TER, compared with healthy controls,
that was observed in the tissue samples and a similar decrease
in occludin and ZO-1 mRNA and protein expression. Treating
these cells with intranasal corticosteroids, a first-line therapy
used to treat AR restored both TER and occludin/ZO-1 ex-
pression to baseline. Similarly, tissue samples taken from AR
patients who had undergone intranasal steroid treatment
showed higher occludin and ZO-1 expression, compared with
non-treated AR patients, suggesting that intranasal steroid
treatment is able to restore barrier function by regulating TJ
expression in HDM-induced AR patients.

Researchers have been able to model initiators of AR in
murine and cell culture models using allergens, HDM. Recent
in vitro models of AR have used the HDM-associated cysteine
protease Der p1 to mimic the allergic response seen in AR

Fig. 1 ZO-1 localization to tight junctions in sinonasal epithelium.
Immunostaining of ZO-1 in sinonasal cell monolayer grown 14 days at
air-liquid interface. In sinonasal monolayers, ZO-1 localized to tight
junctions at apical cell borders (white)
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patients. In these studies, epithelial cells were isolated from
human sinonasal biopsies, grown to confluency, and cultured
at air-liquid interface (ALI) to simulate the microenvironment
of the human airway. These cells were then co-treated with
Der p1 activated by co-treatment with dithiothreitol (DTT) in
order to induce an allergic response. In a 2013 study published
in the International Forum of Allergy and Rhinology,
Henriquez and colleagues used Der p1 + DTT treatment to
investigate the function of allergens and barrier function in
human sinonasal epithelial cells [15]. They found that Der
p1 + DTT decreased TER in human sinonasal cells as com-
pared with mock-treated controls [15]. Furthermore, the study
showed that Der p1 + DTT treatment decreased claudin-1
protein levels by immunoblot analysis and diminished
claudin-1 localization at the cell borders of sinonasal epithelial
cells. Lastly, the study reported no change in ZO-1 and
occludin protein levels. This study demonstrated that Der p1
reduces the expression and TJ localization of barrier forming
claudin-1, suggesting a pathway that HDM allergens may use
to traverse the mucosal barrier contributing to the AR
phenotype.

Allergic Asthma

In addition to AR, chronic inflammation has also been impli-
cated as a driver of barrier defects in asthma [16]. Recent
studies investigating the role of TJ proteins and barrier func-
tion in asthma have used lower airway epithelial samples iso-
lated from patients. In a 2011 study published in the Journal of
Allergy and Clinical Immunology, Xiao et al. reported cultur-
ing monolayers of bronchial epithelial cells obtained from
lung brushings from patients with mild, moderate, or severe
asthma [17]. After growing at ALI, bronchial epithelial mono-
layers from patients with moderate or severe asthma had de-
creased TER as compared with healthy controls. The group
also found that monolayers from moderate or severe asthma
patients had increased dye permeability compared with
healthy controls consistent with a decrease in barrier function.
In addition, Xiao and colleagues measured occludin and ZO-1
expression and found a reduction in ZO-1 levels and a
trending reduction in occludin in bronchial epithelial cells
from patients with asthma [17]. These findings were consis-
tent with a previous study conducted by DeBoer et al. that
reported decreased ZO-1 levels in bronchial cells isolated
from asthma patients [18].

Alterations in TJ proteins have also been observed in mu-
rine models of asthma. In a recent study published in Allergy,
Tan et al. treated mice with HDM extract to induce allergic
airway inflammation [19••]. Transcriptomic analysis of lungs
isolated from treated mice identified differential expression of
various TJ genes. The group found that TJP1 (ZO-1) mRNA
and protein was reduced and CLDN18 mRNAwas decreased
in HDM-treated mice, compared with control. Claudin-18

deficiency was also identified in human airway cells from
asthmatic patients. A study conducted by Sweerus and col-
leagues found that CLDN18 mRNA is reduced in airway ep-
ithelial brush samples from patients with asthma, compared
with healthy controls [20•].

The studies conducted in bronchial epithelial cells under-
score the importance of TJ proteins in the early stages of
allergic asthma. Disruption of the bronchial epithelial barrier
can facilitate the passage of allergens into the airway epitheli-
um. This leads to immune activation and local inflammation
characteristic of this atopic disease.

Atopic Dermatitis

Much like the bronchial epithelium, the skin is a boundary
tissue that creates a barrier to prevent the internal passage of
inflammatory mediators. AD is a chronic inflammatory dis-
ease associated with disruption of this barrier, affecting an
estimated 20% of the population in developed countries
[21]. Clinically, AD is characterized by recurrent eczema
and chronic pruritis that greatly impacts quality of life. Two
structures are mainly responsible for maintaining the epithelial
barrier in the skin: the stratum corneum and TJs [22•]. The
stratum corneum is the outermost layer of the skin epidermis
and consists of piles of dead keratinocytes. Underneath the
stratum corneum, the tight junctions form a secondary barrier.
Barrier dysfunction in AD has been identified and mainly
attributed to mutations in filaggrin, a filament aggregating
protein that stabilizes keratin fibers in keratinocyte cytoskele-
ton and contributes to the overall strength of the skin [23].
Current studies, however, have begun to uncover the role of
TJs in AD.

In a 2011 study published in the Journal of Allergy and
Clinical Immunology, de Benedetto and colleagues investigat-
ed barrier function and the role of claudin-1 in AD. The group
reported decreased TER in isolated epidermis from AD pa-
tients compared with non-atopic control samples [24]. In ad-
dition, the group found an increase in the permeability of
fluorescently labeled albumin across the AD epidermis com-
pared with controls, consistent with a decrease in barrier func-
tion. Next, de Benedetto et al. performed gene expression
profiling in blister roofs of patients with AD, limiting their
assay to proteins known to be important for barrier function.
The group reported that claudin-1 and claudin-23 expression
was decreased in AD patients compared with controls [24].
Similarly, claudin-1 protein levels were decreased in AD epi-
dermis compared with non-atopic samples as measured by
immunofluorescence. Finally, the group tested whether
CLDN1 gene variants are associated with a risk for AD by
genotyping patients with AD and found 2 single nucleotide
polymorphism (SNPs), 1 non-coding and 1 in the CLDN1
promoter, that were associated with greater AD severity in
two independent North American populations. These findings

Curr Otorhinolaryngol Rep



have since been corroborated in other populations. In a 2016
study, Asad et al. assayed CLDN1 SNPs from Ethiopian pa-
tients with AD and found an association between rs893051, a
CLDN1 SNP, and AD [25••]. These studies indicated that
CLDN1 may be involved in the susceptibility of AD in mul-
tiple groups.

Another study published in 2016 by Yuki et al. identified
other TJ proteins altered in AD. This group analyzed non-
lesion versus lesion sites from AD skin biopsies by immuno-
histochemistry and western blotting for TJ proteins [26•]. Yuki
et al. reported that ZO-1 protein levels were reduced in non-
lesion sites from AD skin biopsies compared with control
samples. In contrast, ZO-1 and claudin-1 levels were de-
creased in the lesion sites of AD patient biopsies compared
with control. The group reported no change in occludin.

These studies conducted in tissue samples biopsied from
AD patients have established TJ proteins as indicators for
disease. Claudin expression is not only altered in AD but
was also shown to be an indicator for disease susceptibility
and severity. ZO-1 protein levels were reduced in AD, even in
areas without lesions, suggesting a role for TJ proteins as early
predictors of AD.

Clinical Applications

Targets to maintain epithelial barrier function represent novel
approaches for the treatment of allergic airway inflammation.
Recent translational studies have evaluated targeted therapies
to stabilize the disrupted barrier, with encouraging preliminary
findings. Steelant et al. recently described histone deacetylase
(HDAC) as a novel mediator of epithelial barrier dysfunction.
Interestingly, they repurposed a broad spectrum HDAC inhib-
itor, JNJ-26481585, currently in trials for the treatment of
cancer [27••]. Steelant et al. found that treating sinonasal cells
from patients with AR with concentrations of JNJ-26481585
as low as 0.5 nM could significantly increase TER values
compared with mock-treated AR samples. In addition, treat-
ment increased ZO-1 and occludin expression. This effect was
not limited to in vitro experiments. In an in vivomurine model
of HDM-induced allergic airway inflammation, JNJ-
26481585 restores airway expression of ZO-1 and occludin,
leading to improvement in pathologic nasal epithelial perme-
ability. These preliminary findings give insight into future
novel therapeutic studies aiming to decrease atopic inflamma-
tion and associated patient symptoms via restoration of the
epithelial barrier.

Conclusions

While AR, asthma, and AD all share inflammation and barrier
dysfunction as common features of their pathology, they differ
in the mechanism underlying this disruption. One

consequence is that a “one size fits all” approach to promote
barrier function in these diseases will not be efficacious and
instead the context in which TJs are disrupted needs to be
considered. Nonetheless, identifying markers for susceptibili-
ty to barrier impairment in specific diseases and screening of
pharmacologic agents for the ability to re-normalize TJ pro-
tein expression show great promise. The ability to restore
proper epithelial barrier function in AR, asthma, and AD is
likely to provide a powerful adjunctive therapeutic approach
in the treatment of these and other diseases attributable to
inflammation and allergy.
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