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Summary
It is currently recognized that the airway epithelium plays a pivotal role in orchestrating inflammatory, immune, and regenerative responses to allergens, viruses
and environmental pollutants that contribute to asthma pathogenesis. The impact of pollen on respiratory epithelium is multifaceted and goes beyond the direct
barrier damage driven by the best-known Type-2 response. After pollen-driven
activation, airway epithelial cells play an active role in triggering several pathways. In particular, the release of epithelial cytokines (or alarmins) activates both
innate and adaptive immunity, with downstream effects implicated to the pathogenesis of asthma. Pollutants also have a pleiotropic effect on respiratory epithelium. Diesel exhaust particles can directly damage the respiratory epithelium with
consequent barrier dysfunction, increased permeability, and local inflammation,
but they can also activate Th2 responses. Innate immune responses also are triggered by pollutants through release of epithelial cytokines and redox-sensitive
pathways that generate mechanical and immunologic changes in the respiratory
epithelium. In addition to the typical Type-1 immune response, respiratory virus
infections stimulate type-2 innate lymphoid cells in the airway epithelium to
release epithelial cytokines. Finally, the action of epithelial triggers on airway
smooth muscle is the central element in the induction of remodeling and hyperreactivity of the airways in asthma. This article reviews the pathophysiology and
functions of the airway epithelium and the role of epithelial damage by different
triggers in the development, persistence, and exacerbations of asthma.

Introduction
Asthma is the most common respiratory disease, reported to affect
up to 18% of the population depending on the country for a total
of over 300 million patients worldwide. Most patients have mild disease; however, over 20% have difficult-to-treat or severe asthma (1)
that remains uncontrolled despite standard-of-care therapy. Chronic
airway inflammation, airway hyper-responsiveness to inhaled triggers,
and airway remodeling are pathophysiological pillars of asthma (2).
Asthma airway inflammation is characterized by a multicellular
process involving mainly eosinophils, neutrophils, CD4+ T lym-

phocytes, monocytes, mast cells, and basophils (3). Upregulation of
different cell types and biomarkers configures different inflammatory phenotypes, the most prevalent is the eosinophilic type 2 (T2)
inflammatory phenotype, wherein a high number of eosinophils
are present in sputum, airway, and/or blood, while in the minority
non-eosinophilic phenotype the dominant inflammatory cell types
may include neutrophils, mixed granulocyte inflammatory cells, or
very few inflammatory cells (so-called paucigranulocytic inflammation) (4). Both innate and adaptive immune responses are involved
in the inflammatory responses in asthma, with T-lymphocyte immunity and CD4+ Th2 cells playing a crucial role (3). Enhanced
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immune and inflammatory responses in asthma are associated with
structural changes (remodeling) in all elements of the airway wall,
which is another major pathological feature of asthma, as important
as inflammation in the pathogenesis of the disease and linked with
inflammation by a bidirectional interaction. Airway remodeling in
asthma implies cellular and extracellular matrix changes in the large
and small airways, epithelial cell apoptosis, airway smooth muscle
cell proliferation, and fibroblast activation, mediated by crosstalk
of different cell types within the airway wall and submucosa. Three
integrated and dynamic processes are involved in airway remodeling: initiation by epithelial cells; amplification by immune cells;
and mesenchymal effector functions (5).
The airway epithelium represents a first-line physical, chemical, and
immunological defence against the penetration of inhaled potentially toxic or damaging environmental insults. In the last decade,
evidence has grown that alterations in the physical and functional
barrier properties of the bronchial epithelium play a role that is no
less than allergic pathways in the origin and clinical manifestations
of asthma. Continued epithelial exposure to viral, allergenic, and
polluting triggers along with a progressively reduced reparative response create the conditions for the persistence of inflammation,
remodeling of the airway wall and subsequently persistence of
asthma symptoms (6, 7). Therefore, targeting inflammation alone
may not be sufficient to provide optimal clinical benefits. Here we
review the pathophysiology and functions of the airway epithelium
and the role of epithelial damage by different triggers in the development, persistence, and exacerbations of asthma.
The role of airway epithelium in asthma
The airway epithelium represents the first barrier to environmental stressors – air pollutants, microbial pathogens, and allergens
– and plays a major role in their neutralization by its muco-ciliary
clearance (MCC). In addition to these barrier and cleansing functions, there is evidence that the airway epithelial cells (AECs) are
involved in the inflammatory response to damage from inhaled
agents and exert immunological functions by interacting with the
cells of the immune system (8). The loss of the airway epithelial
barrier function in asthma is a consequence of the interaction between environmental factors (exposome), genetics and epigenetic
regulatory mechanisms. Three types of intercellular epithelial junctions contribute to the barrier role of the airway epithelium, by
linking the intracellular structures of one epithelial cell to the next:
adherent junctions (AJs), hemidesmosomes, and tight junctions
(TJs). AJs interconnect the actin filaments of the adherent cells;
hemidesmosomes form adhesive bonds between the cytoskeleton
of epithelial cells and the lamina lucida of the lamina propria; TJs
form a multiprotein junctional complex called zonula occludens
(ZO) that regulates paracellular permeability (9). In healthy conditions, TJs and AJs form a dense protein network interconnecting
epithelial cells, which prevents the passage of virtually all mole-
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cules, including pathogens or other inhaled particles (10). In asthma patients, there is strong evidence that disruption of the airway
epithelium occurs, impairing its barrier function (11).
Four different factors are recognized to damage the integrity of
the airway epithelial barrier in the pathogenesis of asthma, by
disrupting epithelial cell junctions: aeroallergens, environmental
pollutants, viral infections, and allergic inflammation. Genetic
and epigenetic vulnerability of the epithelium in asthma patients
favors greater damage by the exposome favoring a self-reinforcing
circle. Following epithelial damage, mediators like thymic stromal lymphopoietin (TSLP), IL-33 and IL-25 – called epithelial
cytokines or alarmins – are rapidly released from epithelial cells,
activating innate and adaptive responses in distinct, though overlapping, ways (12). Epithelial cytokines all regulate a broad spectrum of innate immune cell populations (table I) and are particularly potent in eliciting and activating type 2 innate lymphoid
cells (ILC2s), involved throughout the allergic inflammation process (12). Receptors for epithelial cytokines are highly expressed
by subpopulations of Th2 memory cells and this supports their
role in allergic exacerbations. Furthermore, the TSLP/ILC axis
was recently shown to mediate steroid resistance in asthma (12).
TSLP is a member of the IL-2 family and a regulator of T2 dependent and non-T2 dependent inflammatory responses. The main
source of TSLP are epithelial cells, especially skin and lung epithelial cells (13), although other possible cellular sources include mast
cells, dendritic cells (DCs), fibroblasts, and airway smooth muscle
cells (12, 14, 15). TSLP has two isoforms: the short isoform is
expressed constitutively during homeostasis and is important for
anti-inflammatory, barrier integrity and anti-microbial responses,
while the long isoform is expressed during inflammation and supports inflammatory cytokine production (16).
Genetic variations of TSLP are associated with an increased
risk of developing asthma. It has been shown that both genetic
mutations and continuous exposure to allergens can induce
an overproduction of TSLP (17). Multiple clinical features of
asthma are associated with TSLP expression: asthma severity (18), reduced lung function (18), airway remodeling (19),
reduced steroid response (21), exaggerated T2 response to viral infections (22). TSLP plays a key role in driving allergic
inflammation by (I) upregulating the expression of MHCII
and co-stimulating molecules in DCs, thus facilitating antigen
presentation by DCs to CD4+ naive T cells, and (II) inducing the upregulation of the expression of the OX40 ligand on
DCs, thus accelerating differentiation of CD4+ naive T cells
into Th2 cells (23, 24).
TSLP and IL-33 synergize in activating ILC2s stimulating them
to produce IL-4 and IL-13, which contribute to the epithelial
barrier dysfunction in asthma by suppressing the expression of
TJs and AJs proteins (25).
It has been shown that TSLP may also promote the differentiation of naïve CD4+ T cells in Th17 cells producing IL-17A

TSLP

↑ IL-5, IL-13, IL-6, IL-10, IL-8, GM-CSF
↑ CXCL8, CCL1
↑ TGF-β

↑ CD69, CD62L, CD11b, CD123, IL-33R, IL-18R surface expression
↑ IL-4, IL-13
↑ CD203c, IL17RB expression

↑ Survival, adhesion
↑ CD18, ICAM-1, CXCL8, CXCL1, CCL2, IL-6
↓ L-selectin
Signals through ERK, p38, NF-kB

↑ Mast cell survival, adhesion,
cytokine production
↑ IL-6, IL-13
MK2/3 activation of ERK1/2, PI3k
c-Kit activation of ERK1/2, JNK1,
PKB, and STAT3
↑ Histamine, IL-4, IL-5, IL-6, IL-8,
IL-9, IL-13, MCP, MIP
↑ CD11b expression
↑ Adhesion and priming of eotaxininduced migration
Signaling through ERK1/2, JNK, p38,
and NF-kB
↑ Eosinophil survival, adhesion,
degranulation
↑ Mature eosinophils and eosinophil
progenitors from bone marrow
↑ Adhesion and survival
↑ Expression of CD11b
↑ Il-8
Signaling through MAPK (p38) and
NF-kB
↑ IL-5, IL-13
Signaling through PI3k/AKT/mTOR,
MAPK (p38)
↑ IL-4, IFN-γ

Receptor expressed but
function not defined

↓ Apoptosis
↑ Histamine degranulation,
IL-4, IL-13

Eosinophil expression of IL-25
receptor
↑ MCP-1, MIP-1a, IL-8, IL-6,
ICAM-1
↓ ICAM-3, L-selectin
Signaling through JNK,
MAPK (p38), NF-kB

↑ IL-4, IL-5, IL-13
↑ Expression of IL-33R
Signaling through MAPK

↑ IL-13
↑ CCL17, CCL22, C10/
CCL6, ECF-L

Mast cells

Basophils

Eosinophils

ILC2

Natural killer T
cells

↑ IL-4, IL-13

↑ IL-25R, IL-33R expression

↑ MHC class II, CD40, CD86, CD54, CD80, CD83
↑ OX40L
↑ IL-8, eotaxin-2, TARC/CCL17, MDC/CCL22, I-309/CCL1
↑ Expansion of CRTH2+ CD4+ Th2 memory cells
↑ Differentiation of Tregs
Signals through Jagged-1, JAK1, JAK2, Akt, ERK, JNK, NF-kB (p50, RelB),
STAT1, STAT3, STAT4, STAT5, STAT6

↑ TARC/CCL17, PARC/CCL18, MDC/CCL22, MIP3
/CL19
↑ CD80
↑ M2 macrophages

Functional effect
↑ M2 macrophage polarization
↓ ADAMTS family of metalloproteases
Signaling through ERK1/2, JNK, and
PI3k-Akt

IL-33

↑ Th2 polarization
↑ CD4+ T cell release of IL-5 and
IL-13
↑ Macrophage release of IL-13

↓ Rab27a and Rab27b
expression
↓ Release of exosomes

IL-25

Dendritic cells/
↑ Activated Th2 memory cells
myeloid dendritic ↑ Chemotaxis of IL-9
producing cells
cells

Monocytes/
macrophages/
alveolar
macrophages

Cell type

Table I - Cellular targets and pathogenic effects of epithelial cytokines (or alarmins) in asthmatic airways.
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TSLP

↑ Inhibit Th2 differentiation

Th9 cells

↑ TNF-α
↓ INF-y
↑ EMC procollagen-aI and
lumican mRNA
Signaling through NF-kB

↑ CCL5, CCL11, GM-CSF,
CXCL8

Airway smooth
muscle

Fibroblasts

↑ IL-8
Signaling through ERK and MAPK
(p38)

↑ IL-4, IL-5, IL-13
↓ IL-4, IL-5, IL-13 in certain
conditions
Signaling through PI3k/AKT/mTOR
and MAPK

↑ IL-6, CXCL8, CCL11
↑ Migration, actin polymerization, cell polarization
Signals through STAT3, MAPKs (ERK1/2, p38 and JNK)

↑ Airway obstruction mechanisms
Signals through TARC/CCL17, MDC/CCL22, IP-10/CXCL10

↑ Proliferation
↑ Development
Signals through STAT1, STAT3, STAT5, JAK1, JAK2

↑ Proliferation
↑ Differentiation
↑ IL-5, IL-4, IL-13

ADAMTS: A Disintegrin and Metalloproteinase with Thrombospondin motifs; AKT: protein-kinase B; Bcl-2: B-cell lymphoma 2; CCL: C-C motif chemokine ligand; CRTH2: Chemoattractant
receptor-homologous molecule expressed on TH2 cells; CXCL: C-X-C motif chemokine ligand; ECF-L: Eosinophil chemotactic factor L; EMC: Extracellular matrix components; ERK: extracellular
signal-regulated kinase; GM-CSF: granulocyte-macrophage colony-stimulating factor; IFN-γ: Interferon-γ; ICAM: intercellular adhesion molecule; IL: interleukin; IP-10: Interferon-γ inducible 0rotein 10; JAK: Janus kinase; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; MCP: monocyte chemoattractant protein; MDC: macrophage-derived chemokine; MIP: macrophage inflammatory protein; MHC: major histocompatibility complex; MK: MAPK-activated protein kinases; mTOR: Mammalian target of rapamycin; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; PARC: pulmonary and activation-regulated chemokine; PK: protein-kinase; PI3k: phosphoinositide 3-kinase; STAT: signal transducer and activator of transcription; TARC:
thymus- and activation-regulated chemokine; TNF: Tumor necrosis factor; TSLP: thymic stromal lymphopoietin; VEGF: Vascular endothelial growth factor. Modified from Whetstone CE et al. (29).

Receptor expression
↑ Angiogenesis
↑ Endothelial cell VEGF/
VEGF receptor expression)
Signaling through PI3K/Akt
and Erk/MAPK

Epithelial/
endothelial cells

B cells

↑ IL-4, IL-5, IL-13
Signaling through STAT5

↓ Development
↑ Differentiation
↓ IL-10

T regulatory cells

Th2 cells

↑ Proliferation
Signals through STAT5, Bcl-2

↑ Proliferation
↑ Differentiation
Signals through STAT1, STAT5, JAK1, JAK2

Functional effect

CD8+ T cells

↑ IL-9

IL-33

↑ Eosinophilopoiesis and basophilopoiesis
↑ IL-5, IL-13, GM-CSF, CCL22, CCl17, CXCL8, CCL1
↑ IL-5Rα expression

↑ IL-4, IL-5, IL-13
↑ CD3, CD8 cells

IL-25

CD34+
progenitor cells

+

CD4 T cells

Cell type
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(26), whose various effects in asthma pathophysiology have
been demonstrated, including stimulation of bronchial epithelial cells to produce neutrophilic-promoting cytokines such as
IL-8 and GM-CSF and promotion of airway remodeling by altering smooth muscle cell function, as detailed below (27). The
effects of TSLP in airway remodeling also include stimulation of
human fibroblasts, which express the TSLP receptors, to significantly increase collagen and alpha actin production (28).
To complete the overview on the role of epithelial cytokines, it is
worth remembering that IL-25, a member of the IL-17 cytokine
family, is expressed in airway epithelium as a preformed cytokine and stored in the cytoplasm, ready to be rapidly released
following cell stimulation by environmental triggers, including
allergens. IL-25 directly enhances Th2 cytokine production
from Th2 memory cells activated by TSLP. IL-25 release by airway epithelial cells contributes to many pathogenic features of
asthma, including the recruitment of eosinophils, airway mucus
over secretion, and airway remodeling (29).
IL-33 is one of the earliest cytokines released in response to
allergens and is central in the activation of both the innate and
adaptive immune response (30). IL-33 has been shown to be
responsible for inducing early immune development and polarization toward type 2 T cell inflammation through two mechanisms: activating the maturation of resident dendritic DC and
inducing DC-stimulated differentiation of naïve CD4+ T cells
into polarized Th2 cells (29). IL-33 levels are elevated in the
lung epithelium, airway smooth muscle, and bronchoalveolar
lavage, correlating with disease severity. In the lower airways,
the release of IL-33 seems to be responsible for the development
and exacerbation of airway hypersensitivity and asthma (29).
More recently, it has been shown that IL-5 can also participate
in the reduction of contact between epithelial cells (31). Stimulation of IL-13 redirects the differentiation process of basal epithelial cells to produce more MUC5AC-positive cells and fewer
ciliated cells and inhibits ciliogenesis while promoting cilia loss
(32). Furthermore, during allergenic stimulation, following the
production of IL-13, the club cells (Clara cells) become mucus-producing cells due to a metaplastic and non-proliferative
process (33). Overall, the cells reprogrammed by IL-13 produce
a mucus with modified characteristics that has lost its innate immunity-related characteristics. This modified mucus slows the
rate of the ciliary beat and stops muco-ciliary transport (34). In
fact, increase in type 2 inflammation has been shown to be associated with decreasing MCC, although in mild inflammation,
high rates of MCC can be found, indicating a compensatory
mechanism, which is lost with high levels of inflammation (35).
Whether such impairment in MCC can lead to worse clinical
outcomes in severe asthma needs further studies.
All epithelial cytokines act upstream of T2 inflammation and at
least in part also of non-T2 disease. In conclusion, the bronchial
epithelium has an important gatekeeping function, and its dysfunction can affect both the induction and the progression of asthma.
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The epithelial response to the aeroallergen trigger: the
example of pollen
In addition to the well-known involvement of the adaptive immune
system, the innate immune system seems to play a key role in the
pathogenesis of asthma. In fact, allergens may trigger early warning
signals through the activation of cells of the innate immune system.
Therefore, according to the epithelial barrier hypothesis, allergens
not only may induce a type 2 immune response but are involved in
the early pathogenesis of asthma from the first contact with respiratory tissues (36). In response to this first contact, AECs promote
both the activation of the innate immune system, with the production of cytokines and danger signals, and type 2 immunity, by
activating DCs. This might be the first step in the pathogenesis of
asthma, before the activation of the adaptive immune system and
the type 2 damage mechanism. The airway epithelium should be
therefore considered not only the first target of external triggers, but
also the first active effector, acting as a bridge between the innate
and the adaptive immune systems and playing a key role in activating the cascade of immunologic responses underlying allergen
sensitization, asthma exacerbations and progression (37-39).
Phase 1 – Entry of aeroallergens into the airways
As reviewed above, anatomical and functional barriers prevent
the contact between allergens and airway tissues. However, allergens may overcome these physical barriers due to physical
and functional changes associated with asthma, such as loss of
epithelial integrity, impaired ciliary function, reduced mucus
clearance caused by increased mucus viscosity and swelling. On
the other hand, climate change and global warming were shown
to increase allergen concentration and allergenicity (e.g., duration of pollination, amount of released allergens), and the occasions of exposure (e.g., thunderstorms), with negative effects on
respiratory health and increased risk of asthma (38).
Phase 2 – Allergen interaction with airway tissues
Allergens can interact through various mechanisms with the
airway tissues, especially the epithelium as first contact. First,
the direct proteolytic activity of some allergens (e.g., cysteine
proteinase of Der p 1) can lead to disruption of the airway epithelial barrier through cleavage of molecules in the tight junctions (occluding, claudin), possibly enhanced by genetic predisposition in asthmatic subjects, and to the loss of the apicobasal
polarity of AECs (40). Consequently, the increased permeability
to airways DCs favors the subsequent Type 2 activation pathway of allergen sensitization, and apical cytokine receptors (i.e.,
normally expressed on the apical side of AECs) have access to
basolateral cytokines. Another possible mechanism by which
allergens interact with airway tissues is their binding with pattern recognition receptors (PRRs), protease-activated receptors
(PARs), and toll-like receptors (TLR) of AECs, which triggers
the downstream cascade of both innate and adaptive immunity.
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In asthmatic subjects, genetic predisposition, epigenetic modifications from previous/chronic allergen exposure (i.e., immunological imprinting), or both may facilitate this activation and
dictate the type of consequent response (e.g., Type 2 or Type 1
polarization) (41).
Phase 3 – Airway epithelium activation: more than just a
passive barrier
The airway epithelium can actively react after the interaction with
allergens. Therefore, the easier access of allergens to the underlying
tissues is not only the effect of the epithelial damage, but of several
other mechanisms triggered by the epithelial activation, with effects
on both innate and adaptive immune systems. Damage-associated
molecular patterns (DAMPs) are molecules released from injured
AECs, able to activate pathways regulated by NFkB, MAP-kinases,
and interferon regulatory factors (IRFs) (42). Epithelial cell-derived
cytokines are released by AECs in case of stress or death (IL-25, IL33, HM-GB1, uric acid, ATP). Higher levels of epithelial cytokines
have been found in subjects with allergic asthma, compared with
healthy subjects, and genetic polymorphisms in genes coding for
these types of cytokines and their receptors may justify these differences (37). DAMPs, epithelial cytokines, reactive oxygen species
(ROS), and other inflammatory mediators acting as danger signals
promote the early recruitment of innate immune cells like ILC2s,
basophils, macrophages, and DCs and contribute to the Th2 polarization of the adaptive immune system. In addition, they are also
responsible for morphological and functional changes of the airways, possibly inducing goblet cell metaplasia and change in mucus
characteristics (43), with detrimental effects on the anatomical barriers against allergen entrance (37-39).
The interactions between aeroallergens and the airway epithelium are depicted in figure 1.
The epithelial response to environmental pollutants: the
example of diesel exhaust
Exposure to environmental pollutants has been associated with
the development and exacerbation of asthma (44, 45). Diesel
exhaust (DE) is a main contributor to air pollutants, capable
to trigger Th2 immune responses which are directly associated
with developing and aggravating allergic asthma and other respiratory diseases (46).
A wide range of animal and human nasal models have shown
the negative pleiotropic effects of DE in damaging the airway
epithelial barrier and augmenting allergic inflammation (44,
47). In in vitro studies, fine particulate matter (PM) and DE
particles were shown to degrade TJ proteins such as occludin,
claudin-1, and ZO-1 and downregulating claudin-1 expression
in human airway cells (48). More recently, human nasal epithelial cells exposed to nontoxic ultrafine PM showed epithelial
barrier dysfunction, with increased paracellular permeability
and downregulated TJ proteins (49). DE was shown to induce
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sensitization to neoallergens, which did not arise with exposure
to the neoantigen alone in allergic subjects, thus suggesting its
important role in exaggerating the sensitization to allergens
(47). Diesel exhaust particles (DEPs) were shown to promote
dendritic cell maturation, possibly acting as adjuvants during
allergic sensitization (50). DEPs were shown to increase the recall of eosinophils in the nasal mucosa in response to nasal allergic stimulation, potentiate the development of an IgE mediated
response to new antigens, and increase the local level of IgE
(51). PM and DEP can induce TSLP and IL-17A production
and contribute to the development or exacerbation of chronic
respiratory diseases (52). Activation of redox-sensitive pathways
seems to play a major a role in the mechanical and immunologic
changes induced by air pollution and antioxidant systems may
normalize these negative effects (52). Interestingly, a study in
patients with mild-to-moderate asthma showed reductions in
the forced expiratory volume in 1 second (FEV1) and forced
vital capacity (FVC) when briefly exposed to DEPs in high traffic streets; decrease of both FEV1 and FVC was significantly
greater than that measured in patients who walked for a similar
time in an area not exposed to traffic (53).
The interplay between air pollutants such as DEP and the immunopathogenesis of asthma is still object of intense research
aimed at understanding how exposure to these agents can result
in worsening of disease.
The epithelial response to infectious agents: the example of
respiratory syncytial virus and rhinovirus
There is robust evidence that respiratory viruses, especially (RSV)
and rhinovirus (RV), are associated with and may play a major
role in the development and exacerbation of asthma. Early childhood infections with RV and RSV, the most common respiratory
pathogens, have been associated with an increased risk of developing asthma later in life (54-57). Moreover, in subjects with
asthma, respiratory viruses, particularly RV, can alter the host immune defence systems and trigger exacerbations in both children
and adults (58, 59). Although the precise pathogenic mechanisms
by which respiratory viruses may drive asthma development and
exacerbations are not yet fully elucidated, great progress has been
made in the last decade, suggesting that epithelial disruption by
viruses and subsequent production of inflammatory and immune
mediators may be the primum movens (43, 59).
Interferons (IFNs) are key components in the innate immune
response of the airway epithelium to viral infection. For an effective antiviral response and viral clearance, interferon (IFN) production by epithelial cells is required. They exert their antiviral
properties directly through the inhibition of viral replication in
cells and indirectly through the stimulation of innate and adaptive immune responses. There is evidence that RV-induced epithelial IFN production is reduced and delayed in some individu-
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Figure 1 - Mechanisms of interaction between allergens and airway epithelium.

A

B

C
Allergens of house dust mites (e.g., Der p 1, Der f 1, Blo t 1, Eur m 1, Der m 1, Der p 3, Der p 6, Der p 9), cockroaches (e.g., Per a 10), mould (e.g., Aspergillus,
Alternaria species), animal dander, and pollens can interact with bronchial epithelial cells through proteolytic (A), activation (B), ripoptosome-mediated (C), or
other mechanisms. APC: Antigen presenting cell; CCL: C-C motif chemokine ligand; DAMPS: damage-associated molecular patterns; IL: interleukin; ILC2: type
2 innate lymphoid cells; IRF: Interferon regulatory factor; MAPK: mitogen-activated protein kinase; mIL: Mature interleukin; NF-kB: nuclear factor kappa-lightchain-enhancer of activated B cells; PAMPS: pathogen-associated molecular patterns; PAR: protease-activated receptors; pIL: Precursor of interleukin; PRR: pattern
recognition receptor; RAGE: receptor for advanced glycation end-products; ST2: Suppressor of tumorigenicity 2; Th: T helper cell; TLR: toll-like receptor; TNF:
Tumor necrosis factor; TSLP: Thymic stromal lymphopoietin.
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als with asthma, and this may at least partly explain the increased
susceptibility to viral infections of asthmatic patients (60).
Despite viral infection typically promotes a type 1 immune response, there is clear evidence indicating that it induces a type 2
inflammatory pattern as well, which is coordinated by the epithelium. It has been shown that airway epithelial cells from asthmatic
individuals have an increased capacity to produce epithelial cytokines in response to virus infections, which may be responsible for
exaggerated T2 inflammatory responses. Following viral infection,
TSLP release from bronchial epithelial cells is increased in patients
with asthma (61). When exposed to a viral surrogate, the epithelial
cells from patients with asthma overexpress TSLP and underexpress IFN-β (62). In an experimental model of RV exacerbation,
subjects with asthma had increased levels of IL-33, which correlated both with IL-5 and IL-13 levels in the airway lining fluid and
with exacerbation severity following virus inoculation (63). In a
similar model, experimental RV infection showed to induce higher
IL-25 production and expression of IL-25 both at baseline and
during infection in asthmatic individuals (64). Moreover, in response to viral infection, the airway epithelium directly stimulates
ILC2s to release TSLP, IL-33, and IL-25, which in turn induce
the release of IL-4, IL-5, and IL-13, major mediators of the type
2 inflammatory response (65, 66). In children with severe asthma
increased level of ILC2s have been found (67).Viral infections not
only initiate an immune response but also participate in remodeling the epithelial barrier and the subepithelial extracellular matrix
(ECM). Kuo et al. produced evidence suggesting that viruses may
contribute to airway remodeling through increased ECM deposition, which in turn may contribute to increased airway smooth
muscle mass increasing cell migration (68, 69).
In conclusion, in response to viral infection the bronchial epithelial cells can release epithelial cytokines and mediators that
strongly stimulate T2-associated cytokine production by ILC2s,
thus promoting airway inflammation and hyperresponsiveness.
Viral infections may also contribute to airway remodeling by
increased ECM deposition. Respiratory viral infections in early
childhood may play a role in increasing the patient’s susceptibility to asthma and other obstructive lung diseases later in life.
Relationship between epithelium and smooth muscle cells
Airway smooth muscle (ASM) cells play a central role in the
pathogenesis of asthma by controlling airway muscle tone, balancing the extent of contraction vs dilation in response to local
or circulating factors, and are therefore recognized as the primary
cell type responsible for bronchoconstriction and airway hyperreactivity. ASM cells are also involved in the inflammatory and
airway remodeling processes that occur in asthma (70). Epithelial
triggers can stimulate proliferation, hyperplasia, and hypertrophy
of ASM cells, which contribute to induction and modulation of
airway wall structural changes (71). Activated ASM cells produce
several chemotactic mediators and express different adhesion

molecules which attract and favour the infiltration of inflammatory cells, mainly mast cells and T-lymphocytes. The mast cell
infiltration of the ASM layer, called mast cell myositis, is a specific
feature of asthma and is observed in most asthma phenotypes.
A crucial role in the epithelial response to microbial, traumatic, or inflammatory injuries, is played by epithelium produced
TSLP, which potently activates mast cells. Mast cell activation
increases the production of a broad range of chemokines and
cytokines, which all contribute to the hypertrophy, hyperplasia, and hyperreactivity of ASM (72). This crosstalk between
mast cells and ASM cells contributes to the persistence of airway inflammation and hyperresponsiveness in asthma (73).
Another mechanism by which TSLP promotes airway remodeling in asthma is stimulating fibroblast cells to produce collagen through activation of the signal transducer and activator of
transcription 3 (STAT3) (28, 74).
There is growing evidence suggesting that the migration of ASM
cells may also contribute to cellular hyperplasia, thus contributing to the increase of ASM mass. The source of these migrating
cells is still not fully elucidated. The increase in ASM mass may
be further due to airway infiltration of myofibroblasts, adjacent
ASM cells, or circulating hemopoietic progenitor cells (75).
TLSP-induced STAT-3 activation was shown to also exert a
pro-migratory function, further supporting TLSP role in ASM
remodeling (76).
ASM cells also produce and secrete exosomes, extracellular
membranous nanovesicles implicated in intercellular communication, which have recently been shown to play a pivotal role
in the pathology of asthma and other inflammatory diseases.
Exosomes seem to influence and modify the functionality of
inflammatory and structural lung cells, contributing to the
characteristic processes of asthma disease (77). Neuropeptide Y
(Npy), which has been reported to be ectopically expressed in
the airways of asthma patients, was shown to induce ASM contraction. This suggests a role for paracrine signals from the airway epithelium to ASM to induce airway responsiveness (78).
Conclusions
Robust evidence indicates that the airway epithelium is dysfunctional in asthma, and plays a critical role in the development,
progression, and exacerbation of the disease. Structural and functional anomalies of the airway epithelium result from the interaction between genetic, epigenetic, and environmental factors
(exposome) and orchestrate the inflammatory response and bronchial remodeling. Aeroallergens and pollutants acting as epithelial triggers activate several pathways. In particular, the release of
epithelial cytokines activates both innate and adaptive immunity,
with downstream effects implicated to the pathogenesis of asthma. Further studies on their mechanism of action might help to
elucidate their role also as a target for therapies that might be able
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to treat respiratory diseases regardless of the specific pathogenetic
mechanism downstream the release of epithelial cytokines.
The effect of epithelial triggers on ASM is the key factor in the
induction of remodeling and hyperreactivity of the airways. Inhibition of TSLP and IL 13 might prevent both mast cells activation and collagen production by fibroblasts. There is a need
of new therapeutic tools able of acting on extracellular vesicles
and neuropeptides involved in the inflammatory process and in
ASM cells contraction, and therefore on the hyperreactivity of
the airways.
Another current priority is the search for biomarkers that can
allow to identify the presence and possibly the severity of the
damage and epithelial dysfunction. This new field of investigation may have important implications in detecting pathogenetic
mechanisms and disease endotypes (T2-dependent and T2-non
dependent), identifying subjects with a greater risk of evolving
towards persistent and severe forms of asthma, and developing
new epithelial-centred therapeutic strategies (e.g., anti TSLP or
anti IL-33).
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