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Purpose of review

Cytokines are immunomodulatory proteins important in cell signaling. Complex interactions of innate and
adaptive immune cells, as well as structural cells and their cytokines, play crucial roles in regulating
allergic airway inflammation. Here, we summarize current knowledge about the potential roles of

known and newly identified helper T cells and epithelial cell-derived cytokines [interleukin (IL)-9, IL-17,
IL-22, IL-25, and IL-33] in allergic rhinitis and asthma.

Recent findings

Although T-helper (Th)2 cells were considered to be the main orchestrators of allergic airway inflammation,
recent studies have revealed the potential interaction of other helper T cells and their cytokines in this
process. Th17 cells may have a role in allergic rhinitis and asthma, and chronic rhinosinusitis with nasal
polyps. An IL-9-producing subset called Th? cells, Th22 cells which primarily secrete I1-22, IL-13, tumor
necrosis factor-a, Th25 cells via producing ILl-25 and epithelial cell-derived thymic stromal lymphopoietin,
IL-33, Il-31, and IL-25 are believed to be important for the initiation of allergic reactions and inducing

airway inflammation.

Summary

A new paradigm of an interplay of cytokines is important in allergic rhinitis and asthma in orchestrating the
allergic inflammatory response. Potential therapeutic applications emerging from the roles of these
cytokines are promising, but need further research.
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Allergic diseases like allergic rhinitis and asthma
affect 20-30% of the world population and are
public health issues with an increasing prevalence
worldwide. Allergic rhinitis is an IgE-mediated dis-
ease of the upper airways that has a major impact
on the quality of life of patients, and is a socio-
economic burden. Allergic rhinitis is often associ-
ated with asthma and acts as a risk factor for asthma,
increasing morbidity, costs, and worsening the qual-
ity of life of those with comorbid disease. Asthma
pathology is associated with different release of pro-
inflammatory substances. Whereas allergic rhinitis
is an IgE-mediated chronic inflammatory disease of
the upper airways characterized by symptoms of
sneezing, rhinorrhea, nasal itching, and nasal
obstruction, asthma is a chronic, inflammatory con-
dition of the lower airways characterized by largely
reversible airflow obstruction, airway hyperrespon-
siveness, and episodic respiratory symptoms,
including wheezing, productive cough, and sen-
sations of breathlessness and chest tightness [1].
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Understanding the underlying triggers, risk factors,
genetics, and immune mechanisms is central to
developing better and more targeted therapies.

All cells within airways such as T cells, mast cells,
eosinophils, basophils, fibroblasts, smooth muscle
cells, and epithelial cells play key roles in orches-
trating the chronic inflammation in allergic rhinitis
and asthma by recruiting, activating, and promot-
ing the survival of multiple inflammatory cells in
the respiratory tract. These inflammatory processes
are connected by a complex molecule as a cytokine
network. Within the paradigm of this complex
network have emerged new pathways such as local
synthesis of IgE, the IgE-IgE receptor mast cell
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KEY POINTS

o Allergic rhinitis is a Th2-mediated disease, with
important regulatory cytokines like 14, I-5, and IL-13.

e Newer Th2 cytokines have been identified in asthma
and allergic rhinitis, as well as in CRS with nasal
polyps, including IL-17 family cytokines.

o Epithelial cell-derived cytokines like TSLP, IL-33, IL-25,
and innate lymphoid cells play a crucial role in the
regulation of allergic airway inflammation.

e Modulating this network with biological therapy
presents a new paradigm for treatment.

cascade, and the role of epithelial-derived cytokines
[i.e. thymic stromal lymphopoietin (TSLP), inter-
leukin (IL)-25, and IL-33].

Clinically, allergic rhinitis is a T-helper (Th)2-
type inflammatory disease, whereas asthma may be
allergic or nonallergic, distinguished by the pres-
ence or absence of IgE antibodies to common
environmental allergens. About 80% of childhood
and 50% of adult asthma is allergic (i.e. IgE-associ-
ated). In the latter, the triggers are not so well
defined, but are probably microbes or microbial
components, viruses, and so on. However, both
forms of asthma are characterized by Th2-type
inflammation, stimulation of inflammatory cells
like mast cells, causing eosinophilia, leukocytosis,
and enhanced B-cell IgE production, leading to
airway hyperresponsiveness and tissue remodeling.
The determinants for an individual to develop an
asthmatic phenotype require both exposure to
appropriate stimuli and a genetic predisposition
[2,3]. About 10% of asthmatic patients are difficult
to treat and have a disproportionate use of healthcare
resources, and significant morbidity and mortality,
and therefore represent an unmet clinical need.

Cytokine network in allergic airway
inflammation

Cytokines are immunomodulatory proteins that
are important in cell signaling (Fig. 1) [4]. They
are produced and released by a wide variety of cell
types, including immune cells like macrophages,
B and T lymphocytes, and mast cells, as well as
structural cells like endothelial cells, fibroblasts,
and epithelial cells. Whereas cell to cell interaction
is crucial in immunological mechanisms of disease,
cytokines orchestrate several immune responses in
allergic, inflammatory, and autoimmune diseases.
The inflammatory process underlying allergic
rhinitis and asthma is coordinated by a cytokine
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network. Modulating this network with biological
therapy presents a new paradigm for treatment.

Th2 type cytokines

T-helper 2-type cytokines like IL-4, IL-5, IL-6, and
IL-13 are crucial in the regulation of allergic airway
inflammation. Apart from their role in the induc-
tion of IgE synthesis, Th2-type cytokines up-regulate
the production of cytokines/chemokines in epi-
thelial cells and fibroblasts [5]. In turn, these chemo-
kines and cytokines are implicated in the migration
of other inflammatory cells, as in the case of normal
T-lymphocyte expressed (RANTES) and transform-
ing growth factor (TGF)-beta regulated upon acti-
vation, which are implicated in the intraepithelial
migration of mast cells [6,7]. IL-5, IL-4, IL-13, and
IL-4 levels were increased from 2 to 3h after grass
pollen nasal allergen challenge and showed pro-
gressive increases to 5-6h [8]. A strong correlation
between clinical responses and local biomarkers was
also found following nasal allergen challenge. A
strong correlation between the levels of IL-13 and
serum IgE has been demonstrated and IL-4 has been
shown to up-regulate the Fcepsilon receptor 1 (FceRI)
on mast cells. An increase in Th2 chemokines has also
been reported. Levels of thymus and activation-
regulated chemokine (TARC), macrophage-derived
chemokine (MDC), eotaxin RANTES, monocyte che-
motactic protein (MCP)-1, and macrophage inflam-
matory protein-1 alpha (MIP-1a) have also been
found to be increased in allergic rhinitis [9-12].

As compared with those with viral rhinitis, those
with seasonal allergic rhinitis had elevated eosino-
phil cationic protein (ECP), tryptase, and IL-5,
whereas those with viral rhinitis had increased levels
of a range of inflammatory cytokines, including
IL-1B, IL-6, IL-7, IL-17, interferon (IFN)v, IL-8, tumor
necrosis factor (INF)a, and granulocyte macrophage
colony-stimulating factor (GM-CSF), and also IL-4
and IL-5 [13]. An increased level of IL-9 has been
reported and in one study was shown to be associated
with an increase in c-kit + mast cells [14,15]. The
number of IL-10+ cells was smaller in the nasal
mucosa of patients with seasonal allergic rhinitis after
grass pollen challenge as compared with controls
[16].

Modest associations between single-nucleotide
polymorphisms (SNPs) in Th2 cytokine genes and
risk of allergic rhinitis, with IL-4 and IL-13 SNPs,
were reported in some studies [17,18], but not in
others [19].

Apart from T cells, airway mast cells are an
important source of Th2 cytokines, pro-inflamma-
tory cytokines like TNFa (preformed in mast cells),
and chemokines like TARC, as well as the IL-7-like
cytokine TSLP [5,20-22]. FceRI-mediated TSLP
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Cytokine network in allergic airway inflammation (reproduced with permission from [4]).

production from mast cells is further enhanced in an
autocrine manner by IL-4 [23]. Moreover, mast cells
can interact with structural cells like epithelial
cells to enhance the production of cytokines and
chemokines from epithelial cells. TNFq, in concert
with [L-4 and IL-13, enhances the production of
TARC, TSLP, and eotaxin from epithelial cells [6].
These result in increased infiltration of Th2 cells,
eosinophils, and differentiation of dendritic cells.
Moreover, tryptase and chymase from mast cells can
up-regulate RANTES and GM-CSF production from
epithelial cells [6]. TNFa also promotes antigen and
Th17 cell-dependent neutrophilia after allergenic
stimulation and induces dendritic cell migration
[24,25]. Murine mast cells have been shown to
induce CD4+ T-cell migration in vitro, but down-
regulate FceR1 expression in regulatory T (Treg)
cells, whereas activated Treg cells suppress mast cell
FceR1 expression.

Interleukin-13 from mast cells plays a crucial
role in mast cell-induced IgE synthesis in B cells,
and local IgE synthesis has been demonstrated in

1528-4050 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

the nasal mucosa of patients with allergic rhinitis
[26,27]. Both IL-4 and IgE can up-regulate FceRI
expression in mast cells, suggesting a crucial role
for the mast cell-1gE-IgE receptor cascade in ongoing
inflammation in allergic rhinitis and asthma [26].
Moreover, these cytokines play a crucial role in
asthma as well a eosinophilic nasal polyps [28,29].

Th17 family cytokines

Although conventionally, both allergic rhinitis and
allergic asthma have been considered to be due to a
disruption in the normal Th1/Th2 balance, more
recently, there is new evidence on the emerging
roles of Th17 cells, which are a distinct subpopu-
lation of CD4+ T cells that produce IL-17A, IL-17F,
IL-22, TNF-«, and IL-21 [30]. Th17 cells were found
in the nasal mucosa of allergic rhinitis patients [31]
and in bronchial biopsies of asthmatic patients [32].
IL-17 induces the release of pro-inflamatory cyto-
kines/chemokines from a variety of cell types [31], is
linked to the development of airway neutrophilia,
and its presence in the asthmatic airway correlates
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with increased severity of disease. Treg cells play
roles in the determination of self-tolerance and the
regulation of immune responses. Th17 and Treg
cells have opposing actions, and Treg cells secrete
IL-10 and TGFB, and are increased in patients
after immunotherapy.

In seasonal allergic rhinitics during natural
seasonal exposure, IL-17A was rather undetectable,
but 5h after nasal allergen challenge, the levels of
IL-17A in nasal secretions were increased [33"]. In
another study [34], nasal allergen challenge with
grass pollen did not produce increases in nasal fluid
IL-17, despite increases in several Th2 cytokines and
chemokines. On the contrary, increased levels of
IL-17A were reported in the serum of patients
with grass pollen seasonal allergic rhinitics: during
the season [35], and before and after house dust
mite bronchial challenge in patients with house
dust mite allergy [36], and increased numbers of
IL-17A+ cells and IL-17A mRNA were demonstrated
in the nasal mucosa of patients with perennial aller-
gic rhinitis to dust mite [37]. Grass or birch pollen
allergen-challenged peripheral blood mononuclear
cells were found to have significantly up-regulated
IL-17 receptor (IL-17RB) gene expression — more so
than IL-5, GATA binding protein 3, or FceRIL
Protein levels of IL-17RB were also increased on
basophils after challenge [38]. Although polysensi-
tized allergic rhinitis patients exhibited higher
IL-17A-producing CD4+ T-cell levels and eosinophil
counts, the precise role of the Th17 family of cyto-
kines, particularly IL-17A in allergic rhinitis, is not
well established, and these cytokines have been
reported to have pro-inflammatory effects in asthma
[39] and in chronic rhinosinusitis (CRS) with nasal
polyps that is neutrophilic in nature [40].

The expression of IL-17F in the airways of asth-
matic patients correlates with disease severity and
induces several asthma-related molecules such as
CCL20 that can attract Th17 cells into the airway,
thus amplifying airway inflammation. A recent
study [41""] demonstrated that bronchial epithelial
cells express IL-17F in response to IL-33 via ST2-
ERK1/2-MSK1 signaling pathway. Moreover, IL-17F
is involved in airway remodeling and steroid resist-
ance. Hence, IL-17F may be a valuable therapeutic
target for development of novel strategies.

Eosinophils are a major source of macrophage
migration inhibitory factor [42] and nerve growth
factor [43], express 5-lipoxygenase, FLAP, and leu-
kotriene C4 synthase, and cysteinyl leukotrienes
(CysLT); and CysLT, receptors [44], are involved
in the loss of epithelial integrity [45], and are also
seen in the esophageal mucosa of symptomatic
patients with respiratory allergy [46]. IL-5 has
a key role modulating eosinophil differentiation
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and survival. Targeting IL-5 as a therapeutic
strategy for allergic asthma in selected patients with
refractory, eosinophilic asthma, anti-IL-5 mono-
clonal antibody (mepolizumab) reduced both per-
ipheral blood and sputum eosinophil levels, asthma
exacerbations, and resulted in a reduction in oral
corticosteroid dose [47,48]. Eosinophil chemoat-
tractants include eotaxin, macrophage/MCP4,
RANTES, and CysLTs, among others [49,50]. They
act on distinct cell surface receptors [e.g. CC chemo-
kine receptor 3 (CCR3) and cysLT,] present on the
eosinophil, but not exclusively so.

Airway epithelial cells are an important source
of a variety of inflammatory mediators including
multifunctional cytokines and chemokines like
IL-1, IL-6, IL-8, TNFa, GM-CSF, RANTES, eotaxin,
and TARC, leading to their crucial role in the
migration and activation of immune cells like eosi-
nophils, basophils, and Th2 cells. On allergen recog-
nition, epithelial cells release cytokines, such as IL-1,
IL-25, IL-33, TSLP, and GM-CSF, and endogenous
danger signals, such as high-mobility group box 1,
uric acid, and ATP, that activate the dendritic cell
network and other innate immune cells, such as
basophils and type 2 innate lymphoid cells. Differ-
ent allergens stimulate different aspects of this
general scheme, and common environmental risk
factors for sensitization, such as cigarette smoke and
diesel particle exposure, do so as well. All of this is
influenced by genetic polymorphisms affecting
epithelial pattern recognition, barrier function,
and cytokine production. More recently, TSLP,
IL-25, and IL-33 derived from epithelial cells is
increased in the nasal mucosa of allergic rhinitis
patients, nasal polyps, and in the asthmatic airway
[51,52]. TSLP can activate dendritic cells, promote
Th2 responses, and activate mast cells [23]. TSLP,
IL-33, and IL-25 are released by tissue damage,
pathogen recognition, or even by allergen exposure,
and regulate Th2 cell function, either directly or via
innate lymphoid cells, which, in turn, produces
IL-5, IL-9, and IL-13 [53]. These novel cytokines
and innate lymphoid cells appear to be relevant
to both asthma [54,55] and CRS with nasal polyps
[56"%,57]; their relevance in allergic rhinitis is also
under investigation. TSLP production by human
nasal epithelial cells in vitro was stimulated by a
Toll-like receptor (TLR)2 ligand, as well as by
IL-1B and TNFa [58]. Of particular interest is that
in a candidate gene association study [59], in which
11 SNPs in the TSLP gene in 368 allergic rhinitis
and 325 control adult Han Chinese patients from
Beijing were studied, no association could be found
between specific SNPs in the TSLP gene and allergic
rhinitis susceptibility in this ethnic population.
However, the same SNPs in TSLP gene were found
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to exert a sex and/or nasal polyposis-dependent
risk for development of CRS in Chinese patients
[60].

Elevated levels of IL-33 were detected in nasal
secretions, but not in serum, in patients with
Japanese cedar pollinosis at peak season, and in
patients with perennial allergic rhinitis as compared
with preseason and the normal controls [61]. More-
over, the levels of IL-33 in nasal secretions correlated
significantly with the total nasal symptom score.
Kamekura et al. [62] reported that the levels of IL-33
in the sera of patients with allergic rhinitis were
significantly higher than that in the normal con-
trols, and the expression of IL-33 and ST2 was sig-
nificantly elevated in the epithelium of patients
with allergic rhinitis. Moreover, 1L-33 mRNA in
cultured nasal epithelial cells in vitro was signifi-
cantly induced by treatment with IFNy and the
TLR9 ligand ODN2006 [62]. On the contrary, in
another study [63], the researchers observed an
up-regulation of soluble ST2 and IL-16 after nasal
allergen challenge and during peak pollination
season, but not IL-33. Serum levels of IL-33 in
patients with intermittent allergic rhinitis (IAR)
were reported to be comparable with patients with
bronchial asthma, and were significantly higher
in patients with IAR and bronchial asthma than
in the controls; this correlated with disease severity
[64].

Periostin [65] and IL-31 [66-68] were increased
in allergic rhinitis patients compared with controls,
thus indicating possible pathological roles. IL-31RA
was up-regulated in allergic rhinitis primarily local-
ized in the submucosal glands, and IL-31 was
detected in the submucosal tissue and increased
in allergic inflammation [67]. In another study by
Liu et al. [69"], IL-31 mRNA and protein levels in
both serum and nasal lavage were significantly
enhanced in allergic rhinitis patients compared with
normal controls, especially in children with asthma.
The nasal IL-31 was associated with enhanced local
Th2 cytokines and mucin SAC (MUCSAC) expres-
sion. MUCS5AC gene expression was induced by
IL-31 stimulation in epithelial cells, and IL-31 and
Th2 cytokines up-regulated MUCSAC gene expres-
sion.

In a study [70™] in asthmatic patients, epithelial
expression of IL-25, but not IL-33 or TSLP, was
increased in a subset of asthmatic patients. The
[L-25-high subset had greater airway hyperrespon-
siveness, more airway and blood eosinophils, higher
serum IgE, more subepithelial thickening, and
higher expression of Th2 signature genes. Inhaled
corticosteroids (ICS) improved forced expiratory
volume in 1 second and hyperresponsiveness
in the IL-25-high but not the IL-25-low subset.

1528-4050 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

Plasma IL-25 levels correlated with epithelial IL-25
expression, airway eosinophilia, and beneficial
responses to ICS treatment.

The development of allergic rhinitis and asthma
requires an interaction between the environment,
immune system, and genetic susceptibility.
Whereas pollen-induced rhinitis is the most charac-
teristic IgE-mediated allergic disease, in perennial
allergic rhinitis, the allergic triggers are more con-
tinuous, and lead to an ongoing inflammation.
Several cells and cytokines/chemokines orchestrate
and maintain this inflammation. Thus, the intricate
interaction amongst cytokines, chemokines, neuro-
peptides, adhesion molecules, and various cells in
the form of a complex network leads to the develop-
ment of specific symptoms and the nonspecific
hyperreactivity of allergic rhinitis.

Asthma is characterized by variable degrees of
chronic inflammation and structural alterations in
the airways which include epithelial denudation,
goblet cell metaplasia, subepithelial thickening,
increased airway smooth muscle mass, bronchial
gland enlargement, angiogenesis, and alterations
in extracellular matrix components, involving
large and small airways. Chronic inflammation is
thought to initiate and perpetuate cycles of tissue
injury and repair in asthma, although remodeling
may also occur in parallel with inflammation. While
allergic rhinitis and asthma share several similarities
in the inflammatory cell and mediator profiles and
responses, remodeling as seen in asthma is not
characteristic of allergic rhinitis. In asthma, the
relationships of airway inflammation, remodeling,
and lung function are becoming better understood.
A variety of inflammatory cells and structural cells,
and the cytokine—chemokine network play a role in
orchestrating the inflammation and structural
changes in asthma. Increased airway responsiveness
is a surrogate marker of inflammation and may
reflect the development of structural changes in
the airways. Such persistent increased bronchial
responsiveness indicates remodeling partly resistant
to therapy.

Moreover, with the increasing evidence on the
links between allergic rhinitis and asthma from
epidemiologic, immunologic, and clinical studies,
early intervention and down-regulation of inflam-
mation are keys to better control both allergic
rhinitis and asthma. New modes of immuno-
modulatory therapies and biologics that target
specific phenotypes like IgE, IL-5, IL-13, and the
IL-4 receptor alpha chain have shown some efficacy
in phenotyped patients. For those without evidence
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of Th2 inflammation, no specific therapies have
been identified. Anti-IgE, and anti-IL-5, anti-IL-13,
anti-IL-4R antagonists, and therapies that target
TSLP, IL-33, and IL-17, as well as those that induce
tolerance, hold more promising outcomes, but their
effect on halting airway remodeling in severe
asthma is not known. Clinical cluster analysis
from the Severe Asthma Research Program (SARP)
identified five asthma subphenotypes that represent
the severity spectrum of early-onset allergic asthma,
late-onset severe asthma, and severe asthma with
chronic obstructive pulmonary disease character-
istics. Analysis of induced sputum from a subset of
SARP patients showed four sputum inflammatory
cellular patterns. Patients with concurrent increases
in eosinophil (>2%) and neutrophil (>40%) percen-
tages had characteristics of very severe asthma [71].
This multivariate approach identified four asthma
subphenotypes, representing the severity spectrum
from mild-to-moderate allergic asthma with minimal
or eosinophil-predominant sputum inflammation,
to moderate-to-severe asthma with neutrophil-
predominant or mixed granulocytic inflammation
[70™].
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Given the immunological similarities that exist
between the patterns of inflammation in asthma
and allergic rhinitis, as well as CRS and asthma,
and the impact of allergic rhinitis on asthma, treat-
ment should have a global approach to treat both
the upper and the lower airways for better outcomes.
New knowledge about the pathogenesis of allergic
and immunologic diseases has led to a variety of
novel targeted therapeutic approaches. Many such
immunomodulators and biologics targeting targets
and specific cytokines/biomarkers are currently
under development for the therapy of asthma and
allergic diseases (Fig. 2) [72]. Such therapeutic strat-
egies, when proven to be effective, place the patient
at the center of healthcare and represent a form of
personalized medicine.
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