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Abstract: Asthma is a chronic inflammatory disease affecting the airway, and it is characterized by a
wheezing breathing sound, variable airflow obstruction and the presence of inflammatory cells in
the submucosa of the bronchi. Viral infection, pollutants and sensitivity to aeroallergens damage the
epithelium from childhood, which causes asthma. The pathogenesis of asthma includes pathways
of innate stimulation by environmental microbes and irritant pathogens. Damaged epithelial cells
produce thymic stromal lymphopoietin (TSLP) and stimulate myeloid dendritic cell maturation
through the thymic stromal lymphopoietin receptor (ISLPR) heterocomplex. TSLP-activated myeloid
dendritic cells promote naive CD4* T cells to differentiate into T helper type 2 (Th2) phenotype CD4*
T cells. Re-exposure to allergens or environmental stimuli causes an adaptive immune response.
TSLP-activated dendritic cells expressing the OX40 ligand (OX40L; CD252) trigger naive CD4"
T cells to differentiate into inflammatory Th2 effector cells secreting the cytokines interleukin-4,
5,9, and 13 (IL-4, IL-5, IL-9 and IL-13), and the dendritic cells (DCs) promote the proliferation of
allergen-specific Th2 memory cells. Allergen presentation by Th2 cells through its interaction with
their receptors in the presence of major histocompatibility complex (MHC) class II on B cells and
through costimulation involving CD40 and CD40L interactions results in immunoglobulin class
switching from IgM to IgE. DCs and other blood cell subsets express the TSLPR heterocomplex.
The regulatory mechanism of the TSLPR heterocomplex on these different cell subsets remains
unclear. The TSLPR heterocomplex is composed of the IL-7Ro chain and TSLPR chain. Moreover,
two isoforms of TSLP, short isoform TSLP (sfTSLP) and long isoform TSLP (IfTSLP), have roles in
atopic and allergic development. Identifying and clarifying the regulation of TSLPR and IL-7R« in
pediatric asthma are still difficult, because the type of blood cell and the expression for each blood
cell in different stages of atopic diseases are poorly understood. We believe that further integrated
assessments of the regulation mechanism of the TSLP-TSLPR heterocomplex axis in vitro and in vivo
can provide a faster and earlier diagnosis of pediatric asthma and promote the development of more
effective preventive strategies at the onset of allergies.
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1. Introduction

Asthma is a chronic inflammatory respiratory disease leading to variable airflow obstruction.
Many immune cells, including dendrite cells, T cells, B cells, eosinophils, basophils and mast cells,
infiltrate into the submucosa of bronchi and cause a series of immune reactions in patients with
asthma [1]. The presence of inflammatory cells in the airway causes an altered repair response
and the secretion of growth factors, which induce structural changes in the airway, termed airway
remodeling [2,3]. Remodeling includes mucus cell metaplasia, hyperplasia and hypertrophy of
the airway smooth muscle, angiogenesis, fibrosis and the increase of inflammatory cells [4,5].
Dendritic cells (DCs) located in the airway epithelium and underlying mucosa are a type of
antigen-presenting cell. These cells express receptors of the innate immune system and take up
allergens to process them into small peptides, presenting them through the major histocompatibility
complex (MHC) classes I and II for recognition by T cell receptors [6]. Airways do not contain DCs at
birth. Microbe and irritant damage to the activation of the respiratory epithelium are probably the main
innate immunologic stimuli initiating the ingression of immature DCs from the bone marrow [6,7].
Such damage and activation also cause the release of chemoattractants such as chemokine (C-C motif)
ligand 20, 19, and 27 (CCL20, CCL19 and CCL27) and the ligands for C-C chemokine receptor
type 6, 7, and 10 (CCR6, CCR7 and CCR10), thus directing DC migration toward the epithelium and
underlying mucosa [6,7]. Damaged epithelial cells can produce thymic stromal lymphopoietin (TSLP),
thus stimulating myeloid DC maturation [6]. TSLP also activates DCs through TSLPR and promotes
DCs to cause the differentiation of naive CD4" T cells into the Th2 phenotype [8]. TSLP can also
directly activate mast cells after the stimulation of epithelial cells and can induce mast cells to release
multiple proinflammatory cytokines and chemokines independent of immunoglobulin E (IgE) [9].
Additionally, activated IgE-mediated mast cells can release tumor necrosis factor-o (TNF-c), which may
induce smooth muscle cells to produce TSLP from inside the airway [9]. TSLP also upregulates
interleukin-13 (IL-13) production in natural killer T cells and decreases airway hyper-reactivity in an
asthma model [10]. TSLP can stimulate human eosinophils through the activation of extracellular
signal-regulated protein kinase, p38 mitogen-activated protein kinase and the nuclear factor-«B
(NF-kB)-dependent signaling pathway [10]. Re-exposure to allergens or environmental stimuli can
cause an adaptive immune response. In patients with asthma, exposure to allergens (such as pollen,
mold spores, dust mites, animal dander and dust), viruses or environmental stimuli can cause adaptive
immune responses. TSLP-activated DCs expressing the OX40 ligand (OX40L; CD252) can trigger
naive CD4™" T cells to differentiate into inflammatory T helper type 2 (Th2) cells and the expansion
of allergen-specific Th2 memory cells [11]. Inflammatory Th2 effector cells also secrete the cytokines
of IL-4, IL-9 and IL-13, which enhance IgE, mast cell and mucous production and increase airway
hyper-responsiveness. In allergen-specific Th2 memory cells, the MHC class II-associated allergen
interacts with the receptors on B cells and costimulates CD40 and CD40L interactions, resulting
in immunoglobulin class switching from IgM to IgE [6]. This results in the selective expansion
of T lymphocytes (particularly the Th2 type), which secrete cytokines encoded on chromosome
5g31-33, including interleukins IL-3, IL-4, IL-5, IL-9 and IL-13, and the granulocyte macrophage
colony-stimulating factor (GM-CSF) that causes airway smooth muscle contraction and vasodilatation
and increased vascular permeability and mucous secretion [1,6]. Lloyd and Saglani [12] indicated that
T cells influence the pathway of asthma by reacting to the genetic and environmental exposures and
interacting with structural cells such as epithelial cells, thus influencing inflammation. A study revealed
that the mechanisms of pulmonary viral clearance might trigger innate and adaptive immune responses
in patients with asthma [13]. Toll-like receptors (TLRs) also have critical effects on the innate immune
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system. Viral double- and single-stranded RNA, endotoxin and bacterial CpGoligodeoxynucleotides
(CpG)-containing DNA activate selective TLRs on epithelial cells, enhancing DCs motility and antigen
processing through the cytokines of TSLP that result in Th2 maturation [6,8]. TSLP is a key cytokine
that initiates the DC-mediated Th2 immune response [14]. The TSLP-TSLPR heterocomplex axis may
play a fundamental role in the innate—adaptive interface in the pathology of asthma (Figure 1).

Allergens, virus, irritant, pollutant, endotoxin, CpG DNA
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Figure 1. Role of TSLP in asthma. Airway epithelial-secreted TSLP after stimulation by allergens,
viruses, irritants, pollutants, endotoxins and CpG DNA. TSLP can activate dendritic cells, mast cells,
NKT cells and eosinophils to interact with cytokines and inflammatory mediators on the airway smooth
muscle of patients with asthma. TSLP: thymic stromal lymphopoietin; TNF-o:: tumor necrosis factor-o;
NKT: natural killer T cells; Mast: mast cells; DC: dendritic cell; Eos: eosinophils; IL-4: interleukin-4;
IL-9: interleukin-9; IL-13: interleukin-13.

2. Pediatric Asthma

Viral infection, environment, allergens, genetics, nutrition and immune responses play crucial
roles in pediatric asthma [15,16]. However, the precise mechanisms of pediatric asthma remain
unclear. In a Danish study, Harpsoe et al. [17] reported that maternal obesity and gestational
weight gain increase the risk of asthma in children. A rapid increase in the body weight index
during the first two years of childhood up to age of six results in an increased risk of pediatric
asthma [18]. Viral infections are responsible for a substantial proportion of instances of asthma
exacerbation in young children [19]. Cysteinyl leukotriene levels are elevated in children with asthma
and are also increased during respiratory syncytial virus bronchiolitis, which causes acute bronchiolitis
leading to the development of pediatric asthma [20,21]. Sex, urbanization and geographic region
are all significantly associated with acute bronchiolitis and pediatric asthma [19]. A previous study
also revealed that human asthmatic epithelium cells produce higher TSLP levels in response to
respiratory syncytial viral infections [22]. This may also explain why respiratory viral infections
exacerbate the symptoms of bronchial asthma. Parainfluenza type 1 is the most common causative
pathogen of croup. The adjusted hazard ratio for asthma was 1.78-times higher in children with
croup living in urban areas than in those living in rural areas [23]. Viral infections that trigger TSLP
secretion may increase the risk of asthma. Moreover, research on DNA methylation in pediatric
asthma has been conducted. Reduced whole blood DNA methylation at 14 CpG sites associated
with transcriptional profiles indicates the activation of eosinophils and cytotoxic T cells in pediatric
asthma [24]. A clinical diagnosis of asthma is difficult if the patient is younger than two years.
In Taiwan, the diagnosis of asthma is based on the Global Initiative for Asthma guidelines. In older
children, spirometry with forced expiratory volume in 1 s (FEV1) less than 80% can assist in diagnosing
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pediatric asthma. The treatment response to bronchodilators reflects the reversibility of airway
obstruction and can be used as an adjunctive test to diagnose pediatric asthma. The response to
a short-acting bronchodilator can be expressed by the absolute change in FEV; [25]. A change
of 12% or higher and 200 mL or above in the FEV; from the baseline is commonly defined as a
significant response to treatment [26]. However, Tse et al. [25] examined the diagnostic accuracy of
the bronchodilator response of 12% and concluded that a threshold of less than 8% is superior to
12% for asthma diagnosis. Malinovschi et al. [27] demonstrated that exhaled nitric oxide is an indicator
of inflammation and is thus related to the diagnosis of asthma. Oh et al. [28] reported that exhaled
nitric oxide might be a more favorable biomarker than airway hyper-responsiveness and pulmonary
function for asthma phenotypes in preschool children. Epidemiological studies have indicated
that the occurrence of suspended substances in the environment is strongly correlated with the
development of asthma. When these substances are inhaled into the respiratory tract, they may cause
allergies and inflammation of the airway. Therefore, the avoidance of allergens can prevent asthma
development in children. Clinically, the main treatments for asthma can be divided into five broad
categories: (1) steroids: corticosteroids [29], prednisone [30] and methylprednisolone (Solumedrol) [31];
(2) leukotriene modifiers: montelukast (Singulair); (3) theophylline (Xanthium) [32]; (4) bronchodilators
salmeterol (Serevent) [33], albuterol (Ventolin) [34], bambuterol (Bambec) [35], fenoterol (Berotec) and
terbutaline (Bricanyl); and (5) Intalinhaler: cromolyn sodium [36]. Corticosteroids, currently the
most efficacious drugs used to treat asthma and respiratory irritation [29], inhibit proinflammatory
protein production [37]; reduce the number of eosinophils, T lymphocytes, mast cells and DCs during
respiratory inflammation [38]; and decrease the incidence of asthma and exercise-induced asthma [39].
However, they have numerous side effects, such as dependency on drug dosage [40]. Overuse of
steroids may elicit side effects such as inhibition of growth hormone secretion [41] and development of
osteoporosis [42], adrenal insufficiency [43] and diabetes [44]. Salmeterol is a long-acting 32-agonist
drug that reduces the severity of asthma in children [45] and suppresses TSLP secretion in human
bronchial epithelial cells [33]. Usually, for the acute exacerbation of asthma, bronchodilators, such as
the short-acting 32-agonist, are the primary drugs administered to relive shortness of breath. During an
asthma attack, children experience difficulty breathing, which may cause mortality. However, asthma
attacks in children may not be due to exposure to allergens; cold air exposure and excessive exercise
are also notable causes. Pediatric asthma attacks often have different triggers, but the clinical
symptoms are similar. Approximately 5%-10% of those who experience an asthma attack have
a history of severe asthma [19]. Usually, the condition of such patients cannot be effectively controlled.
These patients are a high-risk group who are likely to die due to asthma. Although patients with
asthma have different allergies, chronic bronchial inflammation and airway fibrosis are the main causes
of asthma. Previous studies have revealed that certain genes regulate cytokines and antibodies in
allergic diseases [46]. However, in some patients, asthma cannot be detected using an allergen-specific
antibody. Additionally, some children are too young to undergo spirometry. Therefore, these children
cannot be diagnosed early and may die due to an asthma attack. The early diagnosis of asthma in
children is crucial. The TSLP-TSLPR heterocomplex axis is involved in innate—adaptive immunity;
the TSLPR heterocomplex may be an early biomarker of the development of asthma and therefore
warrants further investigation.

3. Thymic Stromal Lymphopoietin

From 25 genome-wide association studies of asthma, 16 genes including TSLP were implicated in
disease pathophysiology, as indicated by functional studies [47]. TSLP has been identified in culture
supernatants of murine thymic stromal cells and has been defined as an epithelial-derived cytokine.
The human TSLP gene is located on chromosome 5q22.1 [48,49]. It is a four-helix bundle cytokine [50].
Its function is similar to that of IL-7, in that it can promote the early differentiation of T and B cells.
It also promotes B cell proliferation and prevents cell apoptosis [49,51]. Many cells can produce
TSLP, including epithelial cells and keratinocytes in the skin, gut, lung, eye tissue and thymus [52,53].
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TSLP can also be secreted by mast cells [54], basophils and DCs [55]. In humans, atopic dermatitis
is characterized by a high level of TSLP in skin lesions, which is secreted by keratinocytes [56].
Keratinocytes that lack retinoid X receptors produce TSLP to induce atopic dermatitis [57]. In patients
with allergic conjunctivitis, conjunctival epithelial cells produce TSLP, which activates DCs and induces
IL-13 mRNA expression in mast cells synergistically with IL-33 to cause ocular allergy [58]. In patients
with allergic rhinitis, TSLP expression is increased in the nasal mucosa and is strongly correlated with
the number of eosinophils and the clinical severity of symptoms [59]. In patients with autoimmune
diseases, TSLP may also trigger Th1 and Th17 to secret proinflammatory cytokines that contribute to
tissue inflammation [60]. TSLP and its receptor play a proinflammatory role by enhancing Th17 cells
and causing tissue destruction in patients with autoimmune arthritis [60]. Recently, researchers have
revealed that the secretion of TSLP by cancer cells can reduce the antitumor activity of Th1 cells [61].
However, the role of TSLP in tumor progression is still controversial [62]. Recently, two isoforms of
TSLP have been discovered. Increasing studies have focused on the role of these two isoforms in
diseases. These isoforms consist of 159 amino acids and 60 amino acids, respectively [48,49]. The short
isoform TSLP (sfTSLP) exerts homeostatic effects, whereas the long isoform TSLP (IfISLP) exerts
inflammatory effects [63,64]. IfTSLP can be regulated through TLR 2, 3, 5 and 6 to maintain Th2 cytokine
secretion [53]. In human keratinocytes, toll-like receptor ligands (polyl:C, FSL-1 and flagellin), as well as
proinflammatory cytokines (Interferon-y (IFN-y), TNF and IL-1p) are potent inducers of 1fTSLP,
but not sfTSLP [63-65]. In human intestinal and skin tissue, the ratio of these two isoforms is highly
correlated with the severity of inflammatory disorders [66]. Additionally, 1x,25-dihydroxyvitamin
D3 (1,25D3), sfTSLP inducer, and sfTSLP itself can alleviate house dust mite-induced asthmatic
airway inflammation [67]. Because IfTSLP and sfTSLP have the same C-terminal portion, C-terminal
targeting neutralization leads to severe side effects, because these two isoforms have opposite functions.
The relationship between the polymorphisms of the TSLP gene promoter and susceptibility to bronchial
asthma [33] has been evaluated using sex-stratified analysis method [68,69].

4. TSLPR Heterocomplex

Immune regulation disorder is a key factor in disease development in humans [70]. It is crucial
to maintain the balance between TSLP secretion by the epithelium and TSLPR heterocomplex
expression levels in target cells. In peripheral blood, the TSLPR heterocomplex is considerably
expressed in monocytes [71], DCs [72], lymphocytes [73] eosinophils [10,74], basophils [75] and
mast cells [76]. TSLPR heterocomplex is composed of TSLPR (also known as cytokine receptor-like
factor 2 (CRLF2)) [77] and the IL-7Ro chain [78]. The regulation of these two subunits of the
TSLPR heterocomplex is different. Exon 4 of IL-7Ra single-nucleotide polymorphism (SNP) is
correlated with the severity of asthma [79,80]. After TSLP binds to the TSLPR heterocomplex,
the phosphorylation of Janus kinasel (Jakl) and 2 (Jak2) activates signal transducers and activators of
transcription (STATs) proteins, including STAT1, STAT3, STAT4, STAT5a, STAT5b and STAT6. TSLP also
activates other signaling molecules such as phosphatidylinositol-3-kinase (PI3K)-protein Kinase B
(AKT)- mammalian target of rapamycin complex 1 (mTORC1) pathway (PI3K/Akt/mTOR pathway),
Proto-oncogene tyrosine-protein kinase/Tyrosine-protein kinase pathway (SRC/TEC pathway),
extracellular-signal-regulated kinase 1/2 (ERK1/2), NF-«B, c-Jun N-terminal kinase 1/2 (JNK1/2)
and P38 mitogen-activated protein kinases (P38MAPK) activation [81,82]. Through the TSLPR
heterocomplex, TSLP-induced bone marrow-derived DCs (mDCs) express higher levels of CD40, CD54,
CD80 and CD86 surface markers and secrete IL-8, eotaxin, macrophage-derived chemokine (MDC) and
thymus and activation regulated chemokine (TARC). Though CCR4 interaction, mDCs activate T cells
polarized to Th2 cell development. Th2-type cell development leads T cells to secrete IL-4, IL-5, IL-13
and TNEF. Simultaneously, the secretion of Thl-type cytokines such as IFNvy, IL-12, IL-23 and IL-27
is suppressed by treatment with TSLP [83,84]. TSLP and TSLPR heterocomplex cognation activates
the Jak-STAT signaling pathway, which leads to the proliferation and chemotaxis of eosinophils.
Although sfTSLP can bind to the TSLPR heterocomplex and has superior antimicrobial peptide (AMP)
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activity to IfTSLP, it regulates atopic inflammation, in contrast to traditional TSLP (IfTSLP). The receptor
that mediates this effect is still unclear [64,66,85], as is the unique receptor of sfTSLP. Recently,
structural interactions between TSLP, TSLPR and IL-7Ra have been reported [86]. The association
of IL-7Ra gene polymorphisms with asthma has been observed in different populations [79,80,87].
TSLPR SNP analysis has been conducted in eosinophilic esophagitis [88], atopic dermatitis and eczema
herpeticum [89], but the TSLPR SNP in pediatric asthma is still unclear. The administration of a TSLPR
blocker can alleviate the severity of asthma [81-85,90]. Owing to the complicated regulation by the two
isoforms of the TSLP and TSLP receptor heterocomplex, especially the expression of IL-7R« is highly
regulated and involved in T cell activation [91,92]. It is a considerable challenge in the therapeutic
application of the TSLP blocker [86].

5. Role of the TSLP and TSLPR Heterocomplex in Asthma

Studies have evaluated the role of the TSLP and TSLPR heterocomplex in asthma. Epithelial cells,
neutrophils, endothelial cells, macrophages and mast cells have been revealed to be significant sources
of TSLP in asthmatic patients [93]. TSLP is associated with atopic diseases, and TSLP genes are
associated with allergic inflammation mechanisms, including eosinophil levels, IgE levels and bronchial
asthma [8]. TSLP is a signature “Th2-favoring” or proallergic cytokine that has recently been linked
to asthma [82]. A high level of TSLP in asthmatic airways has been correlated with Th2-attracting
chemokines and disease severity [93]. TSLP and TARC/CCL17 expression is associated with airway
obstruction in patients with asthma [8,54]. TSLP-influenced pulmonary Treg function is associated with
tolerogenic immunity and increased protein expression in bronchoalveolar lavage fluids in the airways
of patients with asthma [94]. Moreover, human asthmatic epithelial cells express TSLPR heterocomplex,
and TSLP induces IL-13 production, which increases bronchial epithelial cell proliferation and injury
repair [95]. The viral and genetic risk factors for the TSLP and TSLPR heterocomplex may have
important roles in the onset of asthma. In response to rhinovirus infection, asthmatic epithelial cells
produce higher pro-Th2 cytokine TSLP and lower Interferon-{3 (IFN-$3) levels [96]. A previous study
revealed that compared with the population without asthma, the SNPs of the TSLPR gene had a higher
allele frequency of 33G > C in patients with asthma [97]. However, the polymorphisms of TSLPR
were not significantly associated with total IgE, forced vital capacity (FVC) or FEV] in patients with
asthma [79]. A recent study reported that epistasis between TSLP and SPINK5 genes contributes to
pediatric asthma [98]. Additionally, TSLP assists natural helper cells to induce corticosteroid resistance
in patients with asthma [99]. The anti-TSLP antibody reduces allergen-induced bronchoconstriction in
patients with allergen-induced asthma [100]. It also decreases sputum and blood eosinophils in patients
with allergic asthma [100]. The human anti-TSLP antibody named tezepelumab in the phase 2 study
had a reduced annualized rate of asthma attack on uncontrolled asthmatic adults that were already
treated with medium-to-high doses of inhaled glucocorticoids and long-acting (3-agonists. [101].

6. Conclusions

Atopic diseases such as asthma, allergic rhinitis and atopic dermatitis are Th2-dominated
inflammatory diseases Genetic, environmental and nutritional factors all contribute to the development
of allergies, and more effective diagnostic markers are urgently required [102]. The role of the
TSLP-TSLPR heterocomplex axis in these atopic diseases is increasingly pertinent and requires
clarification [53]. Additionally, in clinical settings, the diagnosis of pediatric atopic asthma requires
many criteria, clinical symptoms, family history and other biochemical analyses such as total IgE,
allergen-specific IgE and eosinophil cell count, to be fulfilled. Additionally, lung function must
be evaluated, and practitioners should directly assess discomfort in patients. Asthmatic symptom
scoring, spirometry and inhaled nitric oxide are difficult to perform in young children. A rapid and
straightforward diagnosis method for doctors is crucial if an adequate correlative biomarker can be
identified. In our group, we revealed that IgE and TSLP levels in the peripheral blood of children with
allergic asthma are higher than those in normal children. Furthermore, TSLPR mRNA expressions in
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the peripheral blood mononuclear cells of children with allergic asthma are significantly higher than
those in other groups (nonallergic nonasthmatic, nonallergic asthma and allergic nonasthmatic) [103].
However, clarifying and identifying the regulation of TSLPR and IL-7R« in pediatric asthma is still
difficult because the type of blood cells and the type of expression for each blood cell in different stages
of atopic diseases are poorly understood. We hypothesize that TSLPR heterocomplex expression by
each peripheral blood cell subset is different in pediatric atopic asthma (Figure 2). Further investigation
of the following issues is recommended: (1) the two isoform ratios of TSLP during atopic development
and the therapeutic period; (2) TSLPR heterocomplex expression (inducible by allergic stimulation or
hereditarily); and (3) the intra-structural stability of TSLPR heterocomplex and the affinity or avidity
between the two isoforms of TSLPs and the TSLPR heterocomplex. We believe that an integrated
assessment of these issues can provide a faster and earlier diagnosis for pediatric asthma and promote
the development of more effective preventive strategies in the future.
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Figure 2. Hypothesis of TSLPR heterocomplex regulation during allergic inflammation. Three possible
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expression changes occur after allergic inflammation: (I) TSLPR heterocomplex expression increased on
the cell membrane surface by one or several specific cell subsets. (II) TSLPR heterocomplex expression
by one or several specific cell membrane surfaces does not change, but the absolute number of one or
several specific cell subsets is increased. (IIl) A combination of the phenomenain (I) and (II). “?” means
cell subsets from T, Mo: monocyte; DC: dendritic cell; Eos: eosinophil; Neu: neutrophil; or mast cells;
IfTSLP: long isoform of TSLP; sfTSLP: short isoform.

Acknowledgments: We would like to thank Yu-Fang Tseng (Department of Biotechnology, National Formosa
University, Yunlin, Taiwan) for processing this manuscript.

Author Contributions: Fang-Yi Cheng and Sheng-Chieh Lin carried out the experiments related to TSLPR
heterocomplex expression in PBMC. Jun-Jen Liu provided analysis experience about the TSLPR heterocomplex.
Yi-Ling Ye and Sheng-Chieh Lin took the lead in writing this manuscript.

Conflicts of Interest: There are no conflicts of interest to declare.

References

1.  Koczulla, A.R,; Vogelmeier, C.F; Garn, H.; Renz, H. New concepts in asthma: Clinical phenotypes and
pathophysiological mechanisms. Drug Discov. Today 2017, 22, 388-396. [CrossRef] [PubMed]

2. Mauad, T.; Bel, E.H,; Sterk, PJ. Asthma therapy and airway remodeling. J. Allerqy Clin. Immunol. 2007, 120,
997-1009. [CrossRef] [PubMed]

3.  Boulet, L; Sterk, P. Airway remodelling: The future. Eur. Respir. Soc. 2007, 30, 831-834. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.drudis.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/27867084
http://dx.doi.org/10.1016/j.jaci.2007.06.031
http://www.ncbi.nlm.nih.gov/pubmed/17681364
http://dx.doi.org/10.1183/09031936.00110107
http://www.ncbi.nlm.nih.gov/pubmed/17978153

Int. ]. Mol. Sci. 2018, 19, 1231 8of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Royce, S.; Lim, C.; Patel, K.; Wang, B.; Samuel, C.; Tang, M. Intranasally administered serelaxin abrogates
airway remodelling and attenuates airway hyperresponsiveness in allergic airways disease. Clin. Exp. Allergy
2014, 44, 1399-1408. [CrossRef] [PubMed]

Bergeron, C.; Al-Ramli, W.; Hamid, Q. Remodeling in asthma. Proc. Am. Thorac. Soc. 2009, 6, 301-305.
[CrossRef] [PubMed]

Holgate, S.T. Innate and adaptive immune responses in asthma. Nat. Med. 2012, 18, 673-683. [CrossRef]
[PubMed]

McWilliam, A.S.; Nelson, D.; Thomas, J.A.; Holt, P.G. Rapid dendritic cell recruitment is a hallmark of the
acute inflammatory response at mucosal surfaces. J. Exp. Med. 1994, 179, 1331-1336. [CrossRef] [PubMed]
Ito, T.; Liu, Y.-J.; Arima, K. Cellular and molecular mechanisms of TSLP function in human allergic
disorders-TSLP programs the “Th2 code” in dendritic cells. Allergol. Int. 2012, 61, 35-43. [CrossRef]
[PubMed]

Comeau, M.; Ziegler, S. The influence of TSLP on the allergic response. Mucosal Immunol. 2010, 3, 138.
[CrossRef] [PubMed]

Wong, C.K.; Hu, S.; Cheung, PF,; Lam, C.W. Thymic stromal lymphopoietin induces chemotactic and
prosurvival effects in eosinophils: Implications in allergic inflammation. Am. J. Respir. Cell Mol. Biol. 2010,
43, 305-315. [CrossRef] [PubMed]

Wang, Y.H.; Liu, Y.J. Thymic stromal lymphopoietin, OX40-ligand, and interleukin-25 in allergic responses.
Clin. Exp. Allergy 2009, 39, 798-806. [CrossRef] [PubMed]

Lloyd, C.M.; Saglani, S. T cells in asthma: Influences of genetics, environment, and T-cell plasticity. J. Allergy
Clin. Immunol. 2013, 131, 1267-1274. [CrossRef] [PubMed]

Yoo, J.-K.; Kim, T.S.; Hufford, M.M.; Braciale, T.]J. Viral infection of the lung: Host response and sequelae.
J. Allergy Clin. Immunol. 2013, 132, 1263-1276. [CrossRef] [PubMed]

He, R.; Geha, R.S. Thymic stromal lymphopoietin. Ann. N. Y. Acad. Sci. 2010, 1183, 13-24. [CrossRef]
[PubMed]

Lu, L.Q.; Liao, W. Screening and functional pathway analysis of genes associated with pediatric allergic
asthma using a DNA microarray. Mol. Med. Rep. 2015, 11, 4197-4203. [CrossRef] [PubMed]

Szefler, S.J. Advances in pediatric asthma in 2013: Coordinating asthma care. J. Allergy Clin. Immunol. 2014,
133, 654-661. [CrossRef] [PubMed]

Harpsee, M.C.; Basit, S.; Bager, P.; Wohlfahrt, J.; Benn, C.S.; Nehr, E.A.; Linneberg, A.; Jess, T. Maternal
obesity, gestational weight gain, and risk of asthma and atopic disease in offspring: A study within the
Danish National Birth Cohort. J. Allergy Clin. Immunol. 2013, 131, 1033-1040. [CrossRef] [PubMed]
Rzehak, P; Wijga, A.H.; Keil, T.; Eller, E.; Bindslev-Jensen, C.; Smit, H.A.; Weyler, ]J.; Dom, S.; Sunyer, J.;
Mendez, M. Body mass index trajectory classes and incident asthma in childhood: Results from 8 European
Birth Cohorts—A Global Allergy and Asthma European Network initiative. J. Allergy Clin. Immunol. 2013,
131, 1528-1536.€13. [CrossRef] [PubMed]

Lin, H.-W.; Lin, S.-C. Environmental factors association between asthma and acute bronchiolitis in young
children—A perspective cohort study. Eur. J. Pediatr. 2012, 171, 1645-1650. [CrossRef] [PubMed]

Dalt, L.D.; Callegaro, S.; Carraro, S.; Andreola, B.; Corradi, M.; Baraldi, E. Nasal lavage leukotrienes in
infants with RSV bronchiolitis. Pediatr. Allergy Immunol. 2007, 18, 100-104. [CrossRef] [PubMed]

Kim, C.-K,; Choi, J.; Kim, H.B.; Callaway, Z.; Shin, B.M.; Kim, J.-T.; Fujisawa, T.; Koh, Y.Y. A randomized
intervention of montelukast for post-bronchiolitis: Effect on eosinophil degranulation. J. Pediatr. 2010, 156,
749-754. [CrossRef] [PubMed]

Lee, H.-C.; Headley, M.B.; Loo, Y.-M.; Berlin, A.; Gale, M.; Debley, ].S.; Lukacs, N.W.; Ziegler, S.F. Thymic
stromal lymphopoietin is induced by respiratory syncytial virus—infected airway epithelial cells and
promotes a type 2 response to infection. . Allergy Clin. Immunol. 2012, 130, 1187-1196.€5. [CrossRef]
[PubMed]

Lin, S.-C.; Lin, H.-W.; Chiang, B.-L. Association of croup with asthma in children: A cohort study. Medicine
2017, 96, €7667. [CrossRef] [PubMed]

Xu, C.-J.; Soderhill, C.; Bustamante, M.; Baiz, N.; Gruzieva, O.; Gehring, U.; Mason, D.; Chatzi, L.;
Basterrechea, M.; Llop, S. DNA methylation in childhood asthma: An epigenome-wide meta-analysis.
Lancet Respir. Med. 2018. [CrossRef]


http://dx.doi.org/10.1111/cea.12391
http://www.ncbi.nlm.nih.gov/pubmed/25113628
http://dx.doi.org/10.1513/pats.200808-089RM
http://www.ncbi.nlm.nih.gov/pubmed/19387034
http://dx.doi.org/10.1038/nm.2731
http://www.ncbi.nlm.nih.gov/pubmed/22561831
http://dx.doi.org/10.1084/jem.179.4.1331
http://www.ncbi.nlm.nih.gov/pubmed/8145044
http://dx.doi.org/10.2332/allergolint.11-RAI-0376
http://www.ncbi.nlm.nih.gov/pubmed/22189594
http://dx.doi.org/10.1038/mi.2009.134
http://www.ncbi.nlm.nih.gov/pubmed/20016474
http://dx.doi.org/10.1165/rcmb.2009-0168OC
http://www.ncbi.nlm.nih.gov/pubmed/19843704
http://dx.doi.org/10.1111/j.1365-2222.2009.03241.x
http://www.ncbi.nlm.nih.gov/pubmed/19400908
http://dx.doi.org/10.1016/j.jaci.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23541326
http://dx.doi.org/10.1016/j.jaci.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23915713
http://dx.doi.org/10.1111/j.1749-6632.2009.05128.x
http://www.ncbi.nlm.nih.gov/pubmed/20146705
http://dx.doi.org/10.3892/mmr.2015.3277
http://www.ncbi.nlm.nih.gov/pubmed/25633562
http://dx.doi.org/10.1016/j.jaci.2014.01.012
http://www.ncbi.nlm.nih.gov/pubmed/24581430
http://dx.doi.org/10.1016/j.jaci.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/23122630
http://dx.doi.org/10.1016/j.jaci.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23403049
http://dx.doi.org/10.1007/s00431-012-1788-3
http://www.ncbi.nlm.nih.gov/pubmed/22777642
http://dx.doi.org/10.1111/j.1399-3038.2006.00500.x
http://www.ncbi.nlm.nih.gov/pubmed/17338781
http://dx.doi.org/10.1016/j.jpeds.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20171653
http://dx.doi.org/10.1016/j.jaci.2012.07.031
http://www.ncbi.nlm.nih.gov/pubmed/22981788
http://dx.doi.org/10.1097/MD.0000000000007667
http://www.ncbi.nlm.nih.gov/pubmed/28858086
http://dx.doi.org/10.1016/S2213-2600(18)30052-3

Int. ]. Mol. Sci. 2018, 19, 1231 9of12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Tse, SM.; Gold, D.R.; Sordillo, J.E.; Hoffman, E.B.; Gillman, M.W.; Rifas-Shiman, S.L.; Fuhlbrigge, A.L.;
Tantisira, K.G.; Weiss, S.T.; Litonjua, A.A. Diagnostic accuracy of the bronchodilator response in children.
J. Allergy Clin. Immunol. 2013, 132, 554.e5-559.e5. [CrossRef] [PubMed]

National, A.E.; Prevention, P. Expert Panel Report 3 (EPR-3): Guidelines for the Diagnosis and Management
of Asthma-Summary Report 2007. J. Allergy Clin. Immunol. 2007, 120 (Suppl. S5), S94-5138.

Malinovschi, A.; Fonseca, J.A.; Jacinto, T.; Alving, K.; Janson, C. Exhaled nitric oxide levels and blood
eosinophil counts independently associate with wheeze and asthma events in National Health and Nutrition
Examination Survey subjects. J. Allergy Clin. Immunol. 2013, 132, 821.e5-827.e5. [CrossRef] [PubMed]

Oh, M,; Shim, ].Y,; Jung, Y.H.; Seo, ].H.; Young Kim, H.; Kwon, ].W.; Kim, B.J.; Kim, H.B.; Kim, WK_; Lee, S.Y.
Fraction of exhaled nitric oxide and wheezing phenotypes in preschool children. Pediatr. Pulmonol. 2013, 48,
563-570. [CrossRef] [PubMed]

Hoch, H.E,; Szefler, S.J. Intermittent steroid inhalation for the treatment of childhood asthma. Expert Rev.
Clin. Immunol. 2016, 12, 183-194. [CrossRef] [PubMed]

Wark, P.A.; McDonald, VM.; Gibson, PG. Adjusting prednisone using blood eosinophils reduces
exacerbations and improves asthma control in difficult patients with asthma. Respirology 2015, 20, 1282-1284.
[CrossRef] [PubMed]

Yoneda, T.; Katayama, N.; Kimura, H.; Fujimura, M. A case of Churg-Strauss syndrome with
methylprednisolone sodium succinate allergy. Nihon Kokyuki Gakkai Zasshi 2009, 47, 1147-1150. [PubMed]
Eid, N.S.; O'Hagan, A.; Bickel, S.; Morton, R.; Jacobson, S.; Myers, J.A. Anti-inflammatory dosing of
theophylline in the treatment of status asthmaticus in children. J. Asthma Allergy 2016, 9, 183-189. [CrossRef]
[PubMed]

Harada, M.; Hirota, T.; Jodo, A.L; Hitomi, Y.; Sakashita, M.; Tsunoda, T.; Miyagawa, T.; Doi, S.; Kameda, M.;
Fuyjita, K. Thymic stromal lymphopoietin gene promoter polymorphisms are associated with susceptibility
to bronchial asthma. Am. J. Respir. Cell Mol. Biol. 2011, 44, 787-793. [CrossRef] [PubMed]

Muchao, EP; Torres, H.C.C.; De Lalibera, I.B.; de Souza, A.V.; Rodrigues, J.C.; Schvartsman, C.;
da Silva Filho, L.V.R. Albuterol via metered-dose inhaler in children: Lower doses are effective, and higher
doses are safe. Pediatr. Pulmonol. 2016, 51, 1122-1130. [CrossRef] [PubMed]

Chou, Y.-L.; Wu, C.-C.; Wang, H.-W. Effects of bambuterol and terbutaline on isolated rat’s tracheal smooth
muscle. Eur. Arch. Otorhinolaryngol. 2010, 267, 1305-1311. [CrossRef] [PubMed]

Yang, Y.; Lu, J.Y.-L.; Wu, X,; Summer, S.; Whoriskey, J.; Saris, C.; Reagan, J.D. G-protein-coupled receptor
351is a target of the asthma drugs cromolyn disodium and nedocromil sodium. Pharmacology 2010, 86, 1-5.
[CrossRef] [PubMed]

Horvath, G.; Wanner, A. Inhaled corticosteroids: Effects on the airway vasculature in bronchial asthma.
Eur. Respir. J. 2006, 27, 172-187. [CrossRef] [PubMed]

Barnes, PJ. Inhaled corticosteroids. Pharmaceuticals 2010, 3, 514-540. [CrossRef] [PubMed]

Gotshall, R.W. Exercise-induced bronchoconstriction. Drugs 2002, 62, 1725-1739. [CrossRef] [PubMed]
Kew, K.M.; Quinn, M.; Quon, B.S.; Ducharme, EM. Increased versus stable doses of inhaled corticosteroids
for exacerbations of chronic asthma in adults and children. Cochrane Libr. 2016. [CrossRef] [PubMed]
Raissy, H.H.; Blake, K. Does use of inhaled corticosteroid for management of asthma in children make them
shorter adults? Pediatr. Allergy Immunol. Pulmonol. 2013, 26, 99-101. [CrossRef] [PubMed]

Chee, C.; Sellahewa, L.; Pappachan, ].M. Inhaled corticosteroids and bone health. Open Respir. Med. |. 2014,
8, 85-92. [CrossRef] [PubMed]

Sannarangappa, V.; Jalleh, R. Inhaled corticosteroids and secondary adrenal insufficiency. Open Respir. Med. ].
2014, 8, 93-100. [CrossRef] [PubMed]

Egbuonu, F; Antonio, F.A.; Edavalath, M. Effect of inhaled corticosteroids on glycemic status. Open Respir.
Med. ]. 2014, 8, 101-105. [PubMed]

Stanbrook, M.B. Adding salmeterol to fluticasone does not increase serious asthma events or reduce
exacerbations in children. Ann. Intern. Med. 2016, 165, Jc58. [CrossRef] [PubMed]

Lin, S.C.; Chuang, Y.H.; Yang, Y.H.; Chiang, B.L. Decrease in interleukin-21 in children suffering with severe
atopic dermatitis. Pediatr. Allergy Immunol. 2011, 22, 869-875. [CrossRef] [PubMed]

Vicente, C.T.; Revez, J.A.; Ferreira, M.A. Lessons from ten years of genome-wide association studies of
asthma. Clin. Transl. Immunol. 2017, 6. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jaci.2013.03.031
http://www.ncbi.nlm.nih.gov/pubmed/23683464
http://dx.doi.org/10.1016/j.jaci.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23890753
http://dx.doi.org/10.1002/ppul.22705
http://www.ncbi.nlm.nih.gov/pubmed/23129540
http://dx.doi.org/10.1586/1744666X.2016.1105741
http://www.ncbi.nlm.nih.gov/pubmed/26561351
http://dx.doi.org/10.1111/resp.12602
http://www.ncbi.nlm.nih.gov/pubmed/26268788
http://www.ncbi.nlm.nih.gov/pubmed/20058695
http://dx.doi.org/10.2147/JAA.S113747
http://www.ncbi.nlm.nih.gov/pubmed/27785078
http://dx.doi.org/10.1165/rcmb.2009-0418OC
http://www.ncbi.nlm.nih.gov/pubmed/20656951
http://dx.doi.org/10.1002/ppul.23469
http://www.ncbi.nlm.nih.gov/pubmed/27171324
http://dx.doi.org/10.1007/s00405-009-1173-7
http://www.ncbi.nlm.nih.gov/pubmed/20012638
http://dx.doi.org/10.1159/000314164
http://www.ncbi.nlm.nih.gov/pubmed/20559017
http://dx.doi.org/10.1183/09031936.06.00048605
http://www.ncbi.nlm.nih.gov/pubmed/16387951
http://dx.doi.org/10.3390/ph3030514
http://www.ncbi.nlm.nih.gov/pubmed/27713266
http://dx.doi.org/10.2165/00003495-200262120-00003
http://www.ncbi.nlm.nih.gov/pubmed/12149043
http://dx.doi.org/10.1002/14651858.CD007524.pub4
http://www.ncbi.nlm.nih.gov/pubmed/27272563
http://dx.doi.org/10.1089/ped.2013.0244
http://www.ncbi.nlm.nih.gov/pubmed/23781396
http://dx.doi.org/10.2174/1874306401408010085
http://www.ncbi.nlm.nih.gov/pubmed/25674178
http://dx.doi.org/10.2174/1874306401408010093
http://www.ncbi.nlm.nih.gov/pubmed/25674179
http://www.ncbi.nlm.nih.gov/pubmed/25674180
http://dx.doi.org/10.7326/ACPJC-2016-165-10-058
http://www.ncbi.nlm.nih.gov/pubmed/27842395
http://dx.doi.org/10.1111/j.1399-3038.2011.01209.x
http://www.ncbi.nlm.nih.gov/pubmed/22122790
http://dx.doi.org/10.1038/cti.2017.54
http://www.ncbi.nlm.nih.gov/pubmed/29333270

Int. ]. Mol. Sci. 2018, 19, 1231 10 of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Reche, P.A.; Soumelis, V.; Gorman, D.M.; Clifford, T.; Liu, M.-R.; Travis, M.; Zurawski, S.M.; Johnston, J.;
Liu, Y.-].; Spits, H. Human thymic stromal lymphopoietin preferentially stimulates myeloid cells. J. Immunol.
2001, 167, 336-343. [CrossRef] [PubMed]

Quentmeier, H.; Drexler, H.; Fleckenstein, D.; Zaborski, M.; Armstrong, A.; Sims, J.; Lyman, S. Cloning of
human thymic stromal lymphopoietin (TSLP) and signaling mechanisms leading to proliferation. Leukemia
2001, 15, 1286-1292. [CrossRef] [PubMed]

Sims, J.E.; Williams, D.E.; Morrissey, PJ.; Garka, K.; Foxworthe, D.; Price, V.; Friend, S.L.; Farr, A.; Bedell, M.A;
Jenkins, N.A. Molecular cloning and biological characterization of a novel murine lymphoid growth factor.
J. Exp. Med. 2000, 192, 671-680. [CrossRef] [PubMed]

Ray, R.J.; Furlonger, C.; Williams, D.E.; Paige, C.]. Characterization of thymic stromal-derived lymphopoietin
(TSLP) in murine B cell development in vitro. Eur. J. Immunol. 1996, 26, 10-16. [CrossRef] [PubMed]

Liu, Y.-J. TSLP in epithelial cell and dendritic cell cross talk. Adv. Immunol. 2009, 101, 1-25. [PubMed]

Liu, Y.-J.; Soumelis, V.; Watanabe, N.; Ito, T.; Wang, Y.-H.; de Waal Malefyt, R.; Omori, M.; Zhou, B.;
Ziegler, S.FE. TSLP: An epithelial cell cytokine that regulates T cell differentiation by conditioning dendritic
cell maturation. Annu. Rev. Immunol. 2007, 25, 193-219. [CrossRef] [PubMed]

Moon, P-D.; Choi, L-H.; Kim, H.-M. Berberine inhibits the production of thymic stromal lymphopoietin
by the blockade of caspase-1/NF-«kB pathway in mast cells. Int. Immunopharmacol. 2011, 11, 1954-1959.
[CrossRef] [PubMed]

Kashyap, M.; Rochman, Y.; Spolski, R.; Samsel, L.; Leonard, W.J. Thymic stromal lymphopoietin is produced
by dendritic cells. J. Immunol. 2011, 187, 1207-1211. [CrossRef] [PubMed]

Liu, Y.-J. Thymic stromal lymphopoietin: Master switch for allergic inflammation. J. Exp. Med. 2006, 203,
269-273. [CrossRef] [PubMed]

Li, M.; Messaddeq, N.; Teletin, M.; Pasquali, J.-L.; Metzger, D.; Chambon, P. Retinoid X receptor ablation
in adult mouse keratinocytes generates an atopic dermatitis triggered by thymic stromal lymphopoietin.
Proc. Natl. Acad. Sci. USA 2005, 102, 14795-14800. [CrossRef] [PubMed]

Matsuda, A.; Ebihara, N.; Yokoi, N.; Kawasaki, S.; Tanioka, H.; Inatomi, T.; de Waal Malefyt, R.;
Hamuro, J.; Kinoshita, S.; Murakami, A. Functional role of thymic stromal lymphopoietin in chronic allergic
keratoconjunctivitis. Investig. Ophthalmol. Vis. Sci. 2010, 51, 151-155. [CrossRef] [PubMed]

Mou, Z.; Xia, J.; Tan, Y.; Wang, X.; Zhang, Y.; Zhou, B.; Li, H.; Han, D. Overexpression of thymic stromal
lymphopoietin in allergic rhinitis. Acta Otolaryngol. 2009, 129, 297-301. [CrossRef] [PubMed]

Hartgring, S.; Willis, C.; Dean, C.; Broere, F; van Eden, W.; Bijlsma, J.; Lafeber, F; van Roon, J. Critical
proinflammatory role of thymic stromal lymphopoietin and its receptor in experimental autoimmune
arthritis. Arthritis Rheumatol. 2011, 63, 1878-1887. [CrossRef] [PubMed]

Kuan, E.L.; Ziegler, S.F. Thymic stromal lymphopoietin and cancer. ]. Immunol. 2014, 193, 4283-4288.
[CrossRef] [PubMed]

Yue, W,; Lin, Y.; Yang, X,; Li, B.; Liu, J.; He, R. Thymic stromal lymphopoietin (TSLP) inhibits human colon
tumor growth by promoting apoptosis of tumor cells. Oncotarget 2016, 7, 16840-16854. [CrossRef] [PubMed]
Harada, M.; Hirota, T.; Jodo, A.L; Doi, S.; Kameda, M.; Fujita, K.; Miyatake, A.; Enomoto, T.; Noguchi, E.;
Yoshihara, S. Functional analysis of the thymic stromal lymphopoietin variants in human bronchial epithelial
cells. Am. J. Respir. Cell Mol. Biol. 2009, 40, 368-374. [CrossRef] [PubMed]

Bjerkan, L.; Schreurs, O.; Engen, S.; Jahnsen, F.; Baekkevold, E.; Blix, L].; Schenck, K. The short form of
TSLP is constitutively translated in human keratinocytes and has characteristics of an antimicrobial peptide.
Mucosal Immunol. 2015, 8, 49-56. [CrossRef] [PubMed]

Xie, Y.; Takai, T.; Chen, X.; Okumura, K.; Ogawa, H. Long TSLP transcript expression and release of TSLP
induced by TLR ligands and cytokines in human keratinocytes. J. Dermatol. Sci. 2012, 66, 233-237. [CrossRef]
[PubMed]

Fornasa, G.; Tsilingiri, K.; Caprioli, F; Botti, F; Mapelli, M.; Meller, S.; Kislat, A.; Homey, B.; Di Sabatino, A.;
Sonzogni, A. Dichotomy of short and long thymic stromal lymphopoietin isoforms in inflammatory disorders
of the bowel and skin. J. Allergy Clin. Immunol. 2015, 136, 413-422. [CrossRef] [PubMed]

Dong, H.; Hu, Y,; Liu, L.; Zou, M.; Huang, C.; Luo, L.; Yu, C.; Wan, X.; Zhao, H.; Chen, J. Distinct roles
of short and long thymic stromal lymphopoietin isoforms in house dust mite-induced asthmatic airway
epithelial barrier disruption. Sci. Rep. 2016, 6, 39559. [CrossRef] [PubMed]


http://dx.doi.org/10.4049/jimmunol.167.1.336
http://www.ncbi.nlm.nih.gov/pubmed/11418668
http://dx.doi.org/10.1038/sj.leu.2402175
http://www.ncbi.nlm.nih.gov/pubmed/11480573
http://dx.doi.org/10.1084/jem.192.5.671
http://www.ncbi.nlm.nih.gov/pubmed/10974033
http://dx.doi.org/10.1002/eji.1830260103
http://www.ncbi.nlm.nih.gov/pubmed/8566050
http://www.ncbi.nlm.nih.gov/pubmed/19231591
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141718
http://www.ncbi.nlm.nih.gov/pubmed/17129180
http://dx.doi.org/10.1016/j.intimp.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21856447
http://dx.doi.org/10.4049/jimmunol.1100355
http://www.ncbi.nlm.nih.gov/pubmed/21690322
http://dx.doi.org/10.1084/jem.20051745
http://www.ncbi.nlm.nih.gov/pubmed/16432252
http://dx.doi.org/10.1073/pnas.0507385102
http://www.ncbi.nlm.nih.gov/pubmed/16199515
http://dx.doi.org/10.1167/iovs.09-4183
http://www.ncbi.nlm.nih.gov/pubmed/19741251
http://dx.doi.org/10.1080/00016480802225884
http://www.ncbi.nlm.nih.gov/pubmed/18720075
http://dx.doi.org/10.1002/art.30336
http://www.ncbi.nlm.nih.gov/pubmed/21391201
http://dx.doi.org/10.4049/jimmunol.1400864
http://www.ncbi.nlm.nih.gov/pubmed/25326546
http://dx.doi.org/10.18632/oncotarget.7614
http://www.ncbi.nlm.nih.gov/pubmed/26919238
http://dx.doi.org/10.1165/rcmb.2008-0041OC
http://www.ncbi.nlm.nih.gov/pubmed/18787178
http://dx.doi.org/10.1038/mi.2014.41
http://www.ncbi.nlm.nih.gov/pubmed/24850429
http://dx.doi.org/10.1016/j.jdermsci.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22520928
http://dx.doi.org/10.1016/j.jaci.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/26014813
http://dx.doi.org/10.1038/srep39559
http://www.ncbi.nlm.nih.gov/pubmed/27996052

Int. ]. Mol. Sci. 2018, 19, 1231 11 0f12

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hunninghake, G.M.; Lasky-Su, J.; Soto-Quirds, M.E.; Avila, L.; Liang, C.; Lake, S.L.; Hudson, T].; Spesny, M.;
Fournier, E.; Sylvia, J.S. Sex-stratified linkage analysis identifies a female-specific locus for IgE to cockroach
in Costa Ricans. Am. |. Respir. Crit. Care Med. 2008, 177, 830-836. [CrossRef] [PubMed]

Vercelli, D. Discovering susceptibility genes for asthma and allergy. Nat. Rev. Immunol. 2008, 8, 169-182.
[CrossRef] [PubMed]

Adapa, D; Sai, Y.; Anand, S.; Mehaboobi, S.; Aramalla, E. A Brief Review on Immune Mediated Diseases.
I. Clin. Cell. Immunol. 2011, 11, 2.

Borriello, F.; Iannone, R.; Di Somma, S.; Vastolo, V.; Petrosino, G.; Visconte, F.; Raia, M.; Scalia, G.; Loffredo, S.;
Varricchi, G. Lipopolysaccharide-elicited TSLPR expression enriches a functionally discrete subset of human
CD14+ CD1c+ monocytes. J. Immunol. 2017, 198, 3426-3435. [CrossRef] [PubMed]

Kummola, L.; Ortutay, Z.; Chen, X.; Caucheteux, S.; Himaildinen, S.; Aittomaiki, S.; Yagi, R.; Zhu, J.; Pesu, M.;
Paul, W.E. IL-7Rx Expression Regulates Murine Dendritic Cell Sensitivity to Thymic Stromal Lymphopoietin.
J. Immunol. 2017, 198, 3909-3918. [CrossRef] [PubMed]

Ziegler, S.F; Liu, Y.-J. Thymic stromal lymphopoietin in normal and pathogenic T cell development and
function. Nat. Immunol. 2006, 7, 709-714. [CrossRef] [PubMed]

Morshed, M.; Yousefi, S.; Stockle, C.; Simon, H.U.; Simon, D. Thymic stromal lymphopoietin stimulates the
formation of eosinophil extracellular traps. Allergy 2012, 67, 1127-1137. [CrossRef] [PubMed]

Geering, B.; Stoeckle, C.; Conus, S.; Simon, H.-U. Living and dying for inflammation: Neutrophils,
eosinophils, basophils. Trends Immunol. 2013, 34, 398—-409. [CrossRef] [PubMed]

Han, N.-R.; Oh, H.-A.; Nam, S.-Y.; Moon, P-D.; Kim, D.-W.,; Kim, H.-M.; Jeong, H.-J. TSLP induces
mast cell development and aggravates allergic reactions through the activation of MDM2 and STAT®6.
J. Investig. Dermatol. 2014, 134, 2521-2530. [CrossRef] [PubMed]

Jia, M.; Wang, Z.-].; Zhao, H.-Z.; Shen, H.-P,; Cheng, Y.-P; Luo, Z.-B.; Tang, Y.-M. Prognostic significance of
cytokine receptor-like factor 2 alterations in acute lymphoblastic leukemia: A meta-analysis. World |. Pediatr.
2015, 11, 126-133. [CrossRef] [PubMed]

Zhong, J.; Pandey, A. Site-directed mutagenesis reveals a unique requirement for tyrosine residues in IL-7Ra
and TSLPR cytoplasmic domains in TSLP-dependent cell proliferation. BMC Immunol. 2010, 11, 5. [CrossRef]
[PubMed]

Wang, J.-Y,; Lin, C.-C,; Lin, C.G.-].; Hsiao, Y.-H.; Wu, L.S.-H. Polymorphisms of interleukin 7 receptor
are associated with mite-sensitive allergic asthma in children in Taiwan. Tzu Chi Med. ]. 2010, 22, 18-23.
[CrossRef]

Shamim, Z.; Miiller, K.; Svejgaard, A.; Poulsen, L.K.; Bodtger, U.; Ryder, L. Association between genetic
polymorphisms in the human interleukin-7 receptor x-chain and inhalation allergy. Int. J. Immunogenet.
2007, 34, 149-151. [CrossRef] [PubMed]

Ren, X.; Wang, L.; Wu, X. A potential link between TSLP/TSLPR/STAT5 and TLR2/MyD88/NF«kB-p65 in
human corneal epithelial cells for Aspergillus fumigatus tolerance. Mol. Immunol. 2016, 71, 98-106. [CrossRef]
[PubMed]

Redhu, N.; Gounni, A. Function and mechanisms of TSLP/TSLPR complex in asthma and COPD.
Clin. Exp. Allergy 2012, 42, 994-1005. [CrossRef] [PubMed]

Durum, S.K. IL-7 and TSLP receptors: Twisted sisters. Blood 2014, 124, 4-5. [CrossRef] [PubMed]

Zheng, X.; Ma, P.; de Paiva, C.S.; Cunningham, M.A.; Hwang, C.S.; Pflugfelder, S.C.; Li, D.-Q. TSLP and
downstream molecules in experimental mouse allergic conjunctivitis. Investig. Ophthalmol. Vis. Sci. 2010, 51,
3076-3082. [CrossRef] [PubMed]

Bjerkan, L.; Sonesson, A.; Schenck, K. Multiple functions of the new cytokine-based antimicrobial peptide
thymic stromal lymphopoietin (TSLP). Pharmaceuticals 2016, 9, 41. [CrossRef] [PubMed]

Verstraete, K.; Peelman, F; Braun, H.; Lopez, J.; Van Rompaey, D.; Dansercoer, A.; Vandenberghe, I.;
Pauwels, K.; Tavernier, J.; Lambrecht, B.N. Structure and antagonism of the receptor complex mediated by
human TSLP in allergy and asthma. Nat. Commun. 2017, 8, 14937. [CrossRef] [PubMed]

Sinha, S.; Singh, J.; Jindal, S.K. Association of interleukin 7 receptor (rs1494555 and rs6897932) gene
polymorphisms with asthma in a north Indian population. Allergy Rhinol. 2015, 6, e168. [CrossRef] [PubMed]
Sherrill, J.D.; Gao, P--S.; Stucke, E.M.; Blanchard, C.; Collins, M.H.; Putnam, P.E.; Franciosi, J.P.; Kushner, J.P,;
Abonia, J.P; Assa’ad, A.H. Variants of thymic stromal lymphopoietin and its receptor associate with
eosinophilic esophagitis. J. Allergy Clin. Immunol. 2010, 126, 160-165.e3. [CrossRef] [PubMed]


http://dx.doi.org/10.1164/rccm.200711-1697OC
http://www.ncbi.nlm.nih.gov/pubmed/18244952
http://dx.doi.org/10.1038/nri2257
http://www.ncbi.nlm.nih.gov/pubmed/18301422
http://dx.doi.org/10.4049/jimmunol.1601497
http://www.ncbi.nlm.nih.gov/pubmed/28341671
http://dx.doi.org/10.4049/jimmunol.1600753
http://www.ncbi.nlm.nih.gov/pubmed/28404633
http://dx.doi.org/10.1038/ni1360
http://www.ncbi.nlm.nih.gov/pubmed/16785889
http://dx.doi.org/10.1111/j.1398-9995.2012.02868.x
http://www.ncbi.nlm.nih.gov/pubmed/22764833
http://dx.doi.org/10.1016/j.it.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23665135
http://dx.doi.org/10.1038/jid.2014.198
http://www.ncbi.nlm.nih.gov/pubmed/24751726
http://dx.doi.org/10.1007/s12519-015-0019-1
http://www.ncbi.nlm.nih.gov/pubmed/25920591
http://dx.doi.org/10.1186/1471-2172-11-5
http://www.ncbi.nlm.nih.gov/pubmed/20144186
http://dx.doi.org/10.1016/S1016-3190(10)60030-4
http://dx.doi.org/10.1111/j.1744-313X.2007.00657.x
http://www.ncbi.nlm.nih.gov/pubmed/17504502
http://dx.doi.org/10.1016/j.molimm.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/26874828
http://dx.doi.org/10.1111/j.1365-2222.2011.03919.x
http://www.ncbi.nlm.nih.gov/pubmed/22168549
http://dx.doi.org/10.1182/blood-2014-05-574327
http://www.ncbi.nlm.nih.gov/pubmed/24993875
http://dx.doi.org/10.1167/iovs.09-4122
http://www.ncbi.nlm.nih.gov/pubmed/20107175
http://dx.doi.org/10.3390/ph9030041
http://www.ncbi.nlm.nih.gov/pubmed/27399723
http://dx.doi.org/10.1038/ncomms14937
http://www.ncbi.nlm.nih.gov/pubmed/28368013
http://dx.doi.org/10.2500/ar.2015.6.0137
http://www.ncbi.nlm.nih.gov/pubmed/26686208
http://dx.doi.org/10.1016/j.jaci.2010.04.037
http://www.ncbi.nlm.nih.gov/pubmed/20620568

Int. ]. Mol. Sci. 2018, 19, 1231 12 0of 12

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Gao, P-S.; Rafaels, N.M.; Mu, D.; Hand, T.; Murray, T.; Boguniewicz, M.; Hata, T.; Schneider, L.; Hanifin, J.M.;
Gallo, R.L. Genetic variants in thymic stromal lymphopoietin are associated with atopic dermatitis and
eczema herpeticum. J. Allergy Clin. Immunol. 2010, 125, 1403-1407. [CrossRef] [PubMed]

Zhang, F; Huang, G.; Hu, B.; Song, Y.; Shi, Y. A soluble thymic stromal lymphopoietin (TSLP) antagonist,
TSLPR-immunoglobulin, reduces the severity of allergic disease by regulating pulmonary dendritic cells.
Clin. Exp. Immunol. 2011, 164, 256-264. [CrossRef] [PubMed]

Alves, N.L.; van Leeuwen, E.M.; Derks, I.A.; van Lier, R.A. Differential regulation of human IL-7 receptor «
expression by IL-7 and TCR signaling. J. Immunol. 2008, 180, 5201-5210. [CrossRef] [PubMed]

Ashbaugh, ].J.; Brambilla, R.; Karmally, S.A.; Cabello, C.; Malek, T.R.; Bethea, ].R. IL7R« contributes to
experimental autoimmune encephalomyelitis through altered T cell responses and nonhematopoietic cell
lineages. J. Immunol. 2013, 190, 4525-4534. [CrossRef] [PubMed]

Ying, S.; O’Connor, B.; Ratoff, J.; Meng, Q.; Mallett, K.; Cousins, D.; Robinson, D.; Zhang, G.; Zhao, J.;
Lee, T.H. Thymic stromal lymphopoietin expression is increased in asthmatic airways and correlates with
expression of Th2-attracting chemokines and disease severity. |. Immunol. 2005, 174, 8183-8190. [CrossRef]
[PubMed]

Nguyen, K.D.; Vanichsarn, C.; Nadeau, K.C. TSLP directly impairs pulmonary Treg function: Association
with aberrant tolerogenic immunity in asthmatic airway. Allergy Asthma Clin. Immunol. 2010, 6, 4. [CrossRef]
[PubMed]

Semlali, A.; Jacques, E.; Koussih, L.; Gounni, A.S.; Chakir, ]. Thymic stromal lymphopoietin-induced human
asthmatic airway epithelial cell proliferation through an IL-13—-dependent pathway. J. Allergy Clin. Immunol.
2010, 125, 844-850. [CrossRef] [PubMed]

Uller, L.; Leino, M.; Bedke, N.; Sammut, D.; Green, B.; Lau, L.; Howarth, P.H.; Holgate, S.T.; Davies, D.E.
Double-stranded RNA induces disproportionate expression of thymic stromal lymphopoietin versus
interferon-f in bronchial epithelial cells from donors with asthma. Thorax 2010, 65, 626—632. [CrossRef]
[PubMed]

Yu, J.-I; Kang, I.-H.; Chun, S.-W.; Yun, K.-J.; Moon, H.-B.; Chae, S.-C. Identifying the polymorphisms in
the thymic stromal lymphopoietin receptor (TSLPR) and their association with asthma. BMB Rep. 2010, 43,
499-505. [CrossRef] [PubMed]

Myers, ].M.B.; Martin, L.J.; Kovacic, M.B.; Mersha, T.B.; He, H.; Pilipenko, V.; Lindsey, M.A.; Ericksen, M.B.;
Bernstein, D.I.; LeMasters, G.K. Epistasis between serine protease inhibitor Kazal-type 5 (SPINK5) and
thymic stromal lymphopoietin (TSLP) genes contributes to childhood asthma. J. Allergy Clin. Immunol. 2014,
134, 891.3-899.e3. [CrossRef] [PubMed]

Kabata, H.; Moro, K.; Fukunaga, K.; Suzuki, Y.; Miyata, J.; Masaki, K.; Betsuyaku, T.; Koyasu, S.; Asano, K.
Thymic stromal lymphopoietin induces corticosteroid resistance in natural helper cells during airway
inflammation. Nat. Commun. 2013, 4, 2675. [CrossRef] [PubMed]

Gauvreau, G.M.; O’byrne, PM.; Boulet, L.-P; Wang, Y.; Cockcroft, D.; Bigler, J.; FitzGerald, J.M.;
Boedigheimer, M.; Davis, B.E.; Dias, C. Effects of an anti-TSLP antibody on allergen-induced asthmatic
responses. N. Engl. |. Med. 2014, 370, 2102-2110. [CrossRef] [PubMed]

Corren, J.; Parnes, ].R.; Wang, L.; Mo, M.; Roseti, S.L.; Griffiths, ]. M.; van der Merwe, R. Tezepelumab in
Adults with Uncontrolled Asthma. N. Engl. ]. Med. 2017, 377, 936-946. [CrossRef] [PubMed]

Oksel, C.; Custovic, A. Development of allergic sensitization and its relevance to paediatric asthma.
Curr. Opin. Allergy Clin. Immunol. 2018, 18, 109-116. [CrossRef] [PubMed]

Lin, S.-C.; Huang, J.-J.; Wang, J.-Y.; Chuang, H.-C.; Chiang, B.-L.; Ye, Y.-L. Upregulated thymic stromal
lymphopoietin receptor expression in children with asthma. Eur. J. Clin. Investig. 2016, 46, 511-519.
[CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jaci.2010.03.016
http://www.ncbi.nlm.nih.gov/pubmed/20466416
http://dx.doi.org/10.1111/j.1365-2249.2011.04328.x
http://www.ncbi.nlm.nih.gov/pubmed/21352203
http://dx.doi.org/10.4049/jimmunol.180.8.5201
http://www.ncbi.nlm.nih.gov/pubmed/18390701
http://dx.doi.org/10.4049/jimmunol.1203214
http://www.ncbi.nlm.nih.gov/pubmed/23530149
http://dx.doi.org/10.4049/jimmunol.174.12.8183
http://www.ncbi.nlm.nih.gov/pubmed/15944327
http://dx.doi.org/10.1186/1710-1492-6-4
http://www.ncbi.nlm.nih.gov/pubmed/20230634
http://dx.doi.org/10.1016/j.jaci.2010.01.044
http://www.ncbi.nlm.nih.gov/pubmed/20236697
http://dx.doi.org/10.1136/thx.2009.125930
http://www.ncbi.nlm.nih.gov/pubmed/20627922
http://dx.doi.org/10.5483/BMBRep.2010.43.7.499
http://www.ncbi.nlm.nih.gov/pubmed/20663412
http://dx.doi.org/10.1016/j.jaci.2014.03.037
http://www.ncbi.nlm.nih.gov/pubmed/24831437
http://dx.doi.org/10.1038/ncomms3675
http://www.ncbi.nlm.nih.gov/pubmed/24157859
http://dx.doi.org/10.1056/NEJMoa1402895
http://www.ncbi.nlm.nih.gov/pubmed/24846652
http://dx.doi.org/10.1056/NEJMoa1704064
http://www.ncbi.nlm.nih.gov/pubmed/28877011
http://dx.doi.org/10.1097/ACI.0000000000000430
http://www.ncbi.nlm.nih.gov/pubmed/29389732
http://dx.doi.org/10.1111/eci.12623
http://www.ncbi.nlm.nih.gov/pubmed/26999524
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pediatric Asthma 
	Thymic Stromal Lymphopoietin 
	TSLPR Heterocomplex 
	Role of the TSLP and TSLPR Heterocomplex in Asthma 
	Conclusions 
	References

