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Abstract

Studies from the last ten years have seen great progress in recognizing the role of cytokine thymic stromal lymphopoietin (TSLP) in
pathogenesis of atopic diseases, particularly atopic dermatitis (AD) and asthma. We provide here a review of the findings from four aspects: (1)
TSLP: expression triggers and cellular sources; (2) TSLP receptor: cellular sources; (3) TSLP-TSLP receptor signaling; and (4) TSLP in atopic
diseases: from mouse models to cellular and molecular mechanisms.
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Résumé

Les études de ces dix dernieres années ont vu de grands progres dans la reconnaissance du role de la cytokine Thymic Stromal LymphoPoietin
(TSLP) dans la pathogenese des maladies atopiques, et en particulier la dermatite atopique (DA) et 1’asthme. Nous fournissons ici un compte rendu
des résultats de recherches a partir de quatre aspects : (1) TSLP : expression et sources cellulaires ; (2) récepteur de la TSLP : sources cellulaires ;

(3) signalisation du récepteur de la TSLP ; et (4) TSLP dans les maladies atopiques :

moléculaires.
© 2014 Elsevier Masson SAS. Tous droits réservés.

des modeles murins aux mécanismes cellulaires et
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1. Introduction

Atopic diseases, including AD (known also as eczema) [1],
asthma [2], allergic rhinitis (AR) and food allergy, are closely
related inflammatory diseases involving different body sites i.e.
skin, airways and digestive tract, with common features
including the production of specific IgE to allergens (so called
“atopy’’), and Th2 inflammation. Moreover, an individual
often experiences the progression from AD to asthma and/or
AR, which is clinically called the ‘“‘atopic march” [3]. The
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prevalence of these diseases has markedly increased over the
last decades and represents an important health and financial
burden.

In the last ten years, the cytokine TSLP expressed mainly by
epithelial cells has been recognized as a key player in the
pathogenesis of various human diseases, including allergy,
infection, autoimmunity and cancer. Among these, the initial
and most extensive studies, including ours, are in the context of
atopic disorders. We provide here a review on the great number
of data on the expression and cellular sources of TSLP and its
receptor, the TSLP-TSLP receptor signaling, and what we have
learned from mouse models to cellular and molecular
mechanisms, concerning the role of TSLP in the pathogenesis
of atopic diseases.
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2. TSLP: expression triggers and cellular sources

TSLP is a type I cytokine belonging to IL-2 family. Initially,
mouse TSLP was discovered as a cytokine produced by thymic
stromal cell line that supported B cell development [4-6]. A
human homolog of TSLP was subsequently identified and
characterized [7,8]. Although murine and human TSLP share a
poor amino acid identity (43%), their expression as well as
function has been shown to present significant similarities.

TSLP mRNA expression was initially reported in a panel of
human cell lines and primary cells including epidermal
keratinocytes (KCs), epithelial cells (ECs), smooth muscle
cells, lung fibroblasts and mast cells, but not in most
hematopoietic cell types [9]. As detailed below, studies have
suggested that TSLP expression is induced by a variety of
environmental stimuli, and it is also linked with a number of
gene mutations (Table 1).

2.1. Allergens

Protease allergens like papain and extracts of the fungus
Alternia induced TSLP expression in human bronchial EC line
[10]. In addition, multiple protease allergens (papain, spergillus
protease and Der pl) triggered the TSLP expression in mouse
lung ECs (MLE12) and primary mouse lung ECs, as well as in
mouse embryonic fibroblast cells [11]. Upon intradermal
papain injection, increased TSLP expression was reported in
mouse epidermis [12] and in basophils [13]. In addition,
intratracheal instillation of aeroallergen HDM (house dust
dites) induced TSLP expression in lung ECs as well as in
dendritic cells (DCs) [14]. Moreover, administration of
ragweed pollen extract to mouse ocular surfaces induced
TSLP production in corneal and conjunctival epithelia [15,16].

2.2. Viruses

Rhinovirus RV16 promoted TSLP expression in human
airway ECs [17,18]. Respiratory syncytial virus (RSV)
induced TSLP production in primary rat airway ECs [19].
Primary human KCs produced TSLP in response to the
infection of vesicular stomatitis virus (VSV) [20]. Moreover,
human immunodeficiency virus (HIV) and simian immuno-
deficiency virus (SIV) induced TSLP expression in human
cervical EC lines and in primate vaginal tissues, respectively
[21].

2.3. Microbes

Live and UV-killed commensal bacteria induced the
production of TSLP in human colon cancer cell line Caco-2
[22]. TSLP was detected in follicular gastritis patients with
Helicobacter pylori (H. pylori) infection, and TSLP production
was reported in human gastric EC line upon the direct contact
with H. pylori [23]. Recently, TSLP gene expression was
reported to be activated by gut microbiota containing a variety
of commensal bacteria [24,25]. Moreover, Staphylococcus
aureus (S. aureus) and Malassezia yeasts, two exacerbating

factors for AD, stimulated TSLP production in primary human
KCs [26,27].

2.4. Parasites

Mice infected with intestinal-dwelling parasite Trichuris
muris [28,29] or Trichinella spiralis [30,31] exhibited an
upregulated TSLP expression in the intestine. In addition,
excretory-secretory proteins from 7. spiralis induced TSLP
production in mouse colon EC line [30].

2.5. Ligands of pattern recognition receptors

Toll-like receptor (TLR) ligands, such as TLR3 ligand
(synthetic double-stranded RNA) and TLR2 ligand (peptide-
glycan; PGN) [32], have been shown to promote TSLP
expression in primary human airway ECs. Other reports
showed that TSLP expression was increased in normal human
bronchial epithelial (NHBE) cells upon the treatment of
agonists for TLR2, TLR8 and TLR9 [33], or TLR3 [18]. TSLP
production in nasal ECs from healthy mucosa was shown to be
induced by a wide range of TLR agonists including poly (I:C)
(TLR3 agonist), flagellin (FLA; TLRS ligand), R848 (TLR7/8
agonist) and PGN [34]. Increased amount of TSLP was found in
mouse airways upon FLA instillation, and moreover, FLA-
treated primary mouse airway ECs produced higher amount of
TSLP [35]. Besides, accumulating data showed that various
TLR ligands induced TSLP expression in KCs, corneal ECs,
oral ECs, colonic ECs, as well as non-EC cells such as synovial
fibroblasts and DCs (see Table 1).

Intracellular nucleotide-binding oligomerization domain
(Nod)-like receptors (NLRs) represent another class of pattern
recognition receptors. In mice, intranasal (i.n.) treatment of the
Nod?2 ligand was shown to induce TSLP expression in the lung
[36].

2.6. Ligands of nuclear receptors

Previous studies from our lab reported that whereas TSLP
expression was trans-repressed by un-liganded nuclear recep-
tors, i.e. retinoid X receptor (RXR)/vitamin D receptor (VDR)
and RXR/retinoic acid receptor (RAR) in mouse skin KCs [37],
it was activated by physiologically active ligand for VDR (1,
25-dihydroxyvitamin D3) or its low-calcemic analog MC903
(calcipotriol), or by all-trans retinoic acid (at-RA) and RARY-
selective agonist (BMS961) [38]. Glucocorticoids (GCs),
ligands of GR (GC receptor, which also belongs to nuclear
receptor superfamily) were shown to inhibit the expression of
TSLP [18,39-41]. Notably, a negative GRE (glucocorticoid-
responsive element) was identified in the TSLP promoter
region, which mediated the GC-induced direct transrepression
[41].

2.7. Chemicals

Topical treatment with chemical compounds, such as dibutyl
phthalate (DBP; a commonly used plasticizer), toluene, xylene
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Table 1
TSLP expression triggered by environmental stimuli and genetic factors.
The trigger for TSLP expression Cell type References
Allergens

Proteases: trypsin, papain and Alternaria extract
Proteases: papain, Aspergillus protease and Der pl

Human bronchial epithelial cell line BEAS-2B

Mouse lung epithelial cell line MLE12 and primary mouse
lung epithelial cells

Papain Mouse epidermis

Papain Mouse basophils

HDM intratracheally administered Mouse lung epithelial cells and DCs

Ambrosia artemisiifolia short ragweed pollen
Ambrosia artemisiifolia short ragweed pollen

Viruses

Rhinovirus 16, dsRNA and dsRNA-LyoVec

Human corneal epithelial cells
Mouse corneal and conjunctival epithelia

Primary bronchial epithelial cells from patients with chronic

obstructive pulmonary disease

Normal human bronchial epithelial cells (NHBE)
Primary rat airway epithelial cells

Human primary keratinocytes

Adult normal human epidermal keratinocytes

Rhinovirus 16 and dsRNA

Respiratory syncytial virus

Vesicular stomatits virus and Poly (I:C)

HIV-s (X4 strain), HIV-;yy; (RS strain), HIV-1
isolate 93ZR0013, HlV—lADA and HlV—lMN

SIVmac251 intravaginally inoculated Vaginal tissues from rhesus macaques

Microbes

Live and UV-killed bacterias from Lactobacilli,
Bifidobacteria, Escherichia coli and Klebsiella strains

Helicobacter pylori strain TN2GF4

Commensal bacteria

Heat-killed Staphylococcus aureus, membrabous
fraction of S. aureus

Live or n-octyl-B-d-glucoside (OG)-extracted fraction
from Malassezia globosa and Malassezia restricta

Human epithelial colorectal cell line Caco-2
Human gastric epithelial cell lines MKN28, MKN45 and MKN74
Primary mouse colon

Primary human keratinocytes

Primary normal human epidermal keratinocytes

Parasites

Trichuris muris infection
Trichenella spiralis infection

Excretory-secretory protein from Trichinella spiralis

Pattern recognition receptor ligands
Poly (I:C), flagellin, R848 and PGN

Lipoteichoic acid, poly (CpG), CpG-B
and poly (I:C)

Poly (I:C), flagellin, R848 and PGN

Flagellin

Poly (I:C)

Synthetic diacylated lipopeptide FSL-1

Flagellin

Pam;Cys, HKLM, LPS, Poly (I:C), flagellin,
FSL-1 and CpG ODN

Poly (I:C), FSL-1 and flagellin

Poly (I:C), flagellin, and FSL-1

Poly (I:C)

Flagellin

Poly (I:C) and LPS

LPS or zymosan

Zymosan, LPS, CpG and flagellin

Nod?2 ligands

Nuclear receptor ligands
Active vitamin D3, MC903 (Calcipotriol),

retinoic acid and RARYy agonists (BMS961)

Fluticasone propionate
Dexamethasone
Dexamethasone
Fluocinolone acetonide

Chemicals

Toluene, xylene, trimethylbenzene and DBP
12-O-tetradecanoylphorbol 13-acetate (TPA)

Mouse intestine and caecal tissue
Mouse small intestine
Mouse colon epithelial cell line CT-26

Nasal polyp epithelial cells
Nasal epithelial cells from healthy individuals,
Normal human bronchial epithelial cells (NHBE)

Respiratory airway epithelial cell line H292
BALF and primary mouse airway epithelial cells
Primary human keratinocytes

Primary human keratinocytes

Primary human keratinocytes

Human keratinocyte cell line HaCaT

Primary human keratinocytes

Primary human corneal epithelial cells

Oral epithelial cells

Human colon cancer cell line Caco-2

Primary human synovial fibroblasts

Human peripheral blood monocytes and monocyte-derived DCs
GM-CSF derived mouse bone marrow DCs or splenic DCs
Mouse lungs

Mouse skin

Normal human bronchial epithelial cells (NHBE)
Primary human synovial fibroblasts

Primary human keratinocytes

Mouse skin

Mouse skin
Mouse ear skin

[10]
[11]

[12]
[13]
[14]
[15]
[15,16]

[17]

[18]
[19]
[20]
[21]

[21]

[22]

(23]
[24,25]
[27]

[26]

[28,29]
[31]
[30]

[18,34]
[33,127]

[34]
[35]
[128]
[27]
[129]
[130]

[38]

[18]
[40]
[39]
[41]

[42-44]
[41,45]
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Table 1 (Continued)

The trigger for TSLP expression Cell type References
Diesel exhaust particles Primary human bronchial epithelial cells [46,47]
Cigarette smoke extract Primary human airway smooth muscle cells [49]
Cigarette smoke extract Mouse lungs [48]

Skin barrier dysfunction
Tape stripping; detergent (sodium lauryl sulfate) Human epidermis from healthy donors [50]
Tape stripping Mouse skin [51]
Tape stripping Mouse epidermal keratinocytes [52]

Genetic mutations
Selective ablation of nuclear receptor RXRou Mouse epidermis [37]

and B in adult keratinocytes
Selective ablation of Notchl and 2 in adult keratinocytes Mouse epidermis [53]
Selective ablation of RPB-j in keratinocytes Mouse epidermis [54]
SPINKS deficiency Mouse epidermis and human epidermis from Netherton [55]

disease patients

and trimethylbenzene, were shown to promote TSLP expres-
sion in mouse ears [42—44]. Mouse skin TSLP production was
also induced upon topical application of 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) [41,45].

In addition, diesel exhaust particles promoted TSLP
expression in human bronchial ECs [46,47]. Cigarette smoke
induced TSLP expression in mouse lung as well as in a human
airway smooth muscle cell line [48,49].

2.8. Skin barrier dysfunction

Defective skin barrier function has been recognized as a
critical factor in the initiation and exacerbation of AD as well as
in the progression from AD to asthma. Impairment of stratum
corneum in human skin by tape stripping or application of
detergent (sodium lauryl sulfate), induced TSLP production in
the epidermis [50]. Skin tape stripping has been also shown to
promote TSLP production in epidermal KCs in mice [51,52].

2.9. Genetic mutations

Selective ablation of RXRo and [ in epidermal KCs in mice
led to an increase of TSLP production in the skin, which
triggered an AD-like syndrome [37]. In addition, KC-specific
deletion of Notch proteins (Notch 1 and 2) [53] or RBP-j (the
DNA-binding partner of Notch) [54], which caused severe
epidermal differentiation defects, also resulted in TSLP
expression and Th2 skin inflammation. Recently, it has been
shown that mutation of serine protease inhibitor Kazal-type 5
gene (SPINKS) in mice induced a high production of TSLP in
skin [55]. In addition, mutations in human SPINK5 gene have
been identified to be responsible for the Netherton syndrome
(NS), and overexpression of TSLP was detected in skin of NS
patients [55].

3. TSLP receptor: cellular sources
TSLPR was initially identified as a cell-surface receptor that

shares 24% identify with the common 7 chain (yc), and binds
TSLP with low affinity [56,57]. Further studies identified the

functional receptor of TSLP as a heterodimer of TSLPR and IL-
7 receptor (IL-7R) o in both humans and mice [7,57]. As
detailed below, the expression of TSLP receptor has been
reported in a number of hematopoietic cell lineages, as well as
in some non-hematopoietic cells (Table 2).

3.1. DC and monocytes

Initial analyses in a panel of cDNA libraries made from
various tissues and cell types showed that human TSLPR and
IL-7Ra were principally coexpressed on monocytes and DCs
and to a much lesser extent on various lymphoid cells [8].
Human monocyte-derived DCs cultured with supernatants
from Caco-2 cell line or from primary ECs expressed both
TSLPR and IL-7Ra [58]. In addition, the expression of TSLPR
and IL-7Ro was detected in myeloid DCs in human tonsils
[59]. In mice, TSLPR expression was as well found in DCs
[60,61].

3.2. Activated T cells

Although TSLPR does not seem to be expressed by naive
resting T cells, it was reported that upon the activation by anti-
CD3 plus anti-CD28, human CD4" cells [62] or CD8" cells [63]
exhibited an increased expression of TSLPR. Recently, human
TSLP receptor was shown to express on rare actively dividing
Th2 cells in a “‘proallergic” milieu [64]. In mice, TSLPR
expression was reported elevated on Th2, but not on Thl nor
Th17 cells [65].

3.3. B cell progenitors

During human B cell development, transcripts for the
TSLPR were detected mainly in hematopoietic stem cells,
multilineage-committed progenitor cells and pro-B cells from
fetal liver and bone marrow. In contrast, pre-B cells and BCR+
B cells lacked its expression [66]. In mice, although TSLP was
originally shown to influence B cell development and
proliferation [5,67], the expression of TSLPR and IL-7Ro
was not fully explored.
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Table 2
Cells expressing TSLP receptor and TSLP-mediated activity.
Cell types Detection methods TSLP-mediated activity References
DCs and monocytes
Human monocytes IL-7Ro and TSLPR by RT-PCR Increased expression of chemokines CCL16, [8]
CCL17, CCL18, CCL19 and CCL22
Human purified immature CD11c* IL-7Ra and TSLPR by RT-PCR and Slightly upregulation of HLA-DR and CD86 [8,9,59,61,135]
blood DCs FACS Strong upregulation of CD40 and CD80
Upregulation of OX40L expression
Increased DC viability
Increased allogenic naive CD4" T cell
proliferation
Induced inflammatory Th2 cells
Human monocyte-derived DCs exposed IL-7Ra and TSLPR by RT-PCR Th2 cell polarization and inhibition of Th1 [58]
to supernatants of Caco-2 cell line cells
Mouse splenic DCs TSLPR by RT-PCR Moderate increase of MHCII, CD80 and [60,103]
CD86 expression
Enhanced OVA-mediated proliferation of
DO11.10 TCR transgenic CD4" T cells
Reduced levels of IFNy in DO11.10 TCR
transgenic CD4" T cells
Increased levels of OX40L expression
Mouse bone marrow-derived DCs IL-7Ro and TSLPR by FACS Increased CCL17 expression [102]
Upregulation of MHCII, CD40, CD80 and
CDS86 expression
T cells
Anti-CD3 and anti-CD28 activated IL-7Ra and TSLPR by microarray and Weak CD4" T cell proliferation [59]
human CD4* T cells FACS Slight improvement of CD4" T cell survival
Anti-CD3 and anti-CD28 activated TSLPR by RT-PCR, FACS and western Increased proliferation of TCR-activated [62]
human CD4" T cells blot CD4™ T cells
Induction of IL-2Rat and CIS mRNA
Increased IL-3 induced CD4" T cell
proliferation
Anti-CD3 and anti-CD28 activated IL-7Ro and TSLPR by FACS Enhanced expansion of CD8" T cells [63]
human CD8* T cells activated with TCR stimulation
Increased expansion of CMV-specific TCR
after TCR stimulation
Human CD4* T cells activated by TSLPR and IL-7Ro by image-based flow Enhanced IL-4 expression [64]
TSLP-treated DCs and antigen cytometry Increase expression of CD25
Mouse in vitro Th2-polarized cells IL-7Ro by FACS Induced expression of Bcl-2 and proliferation [65]
TSLPR by FACS and RT-PCR Increased levels of 1L-4, IL-5 and IL-13
B cell progenitors
Human fetal common myelo-lymphoid IL-7Ra and TSLPR by RT-PCR and Induction of proliferation and promote [66]
progenitor, pro-B cells FACS human B cell differentiation from fetal
hematopoietic progenitors
Innate immune cells
Human invariant natural killer T cells IL-7Ro and TSLPR by RT-PCR, FACS Increased expression IL-4 and IL-13 [68]
and western blot
Mouse NKT cells IL-7Ra by RT-PCR Increased expression of 1L-13 [69]
TSLPR by RT-PCR and FACS
Human eosinophils IL-7Ra by RT-PCR and FACS Increased survival [70]
TSLPR by RT-PCR, FACS and western Increased ICAM-1, CD18, IL-6, CXCLS,
blot CXCLI and CCL2 expression
Decreased L-selectin expression
Human mast cells derived from blood IL-7Rot and TSLPR by RT-PCR and Increased IL-5, IL-13, IL-6, GM-CSF, [32]
or cord blood precursors FACS CXCLS8 and CCL1 secretion induced by IL-1/
TNFa stimulation
Mouse basophil precursor from bone IL-7Ro and TSLPR by FACS Promotion of mature basophil differentiation [71]
marrow
Human basophil TSLPR by FACS Increased IL-33R expression [71]
Mouse basophil TSLPR by FACS Increased basophil survival [71]
Human type 2 innate lymphoid cells IL-7Ro by FACS Increased IL-4, IL-5, and IL-13 production [34]
from blood or polyps TSLPR by RT-PCR
Mouse type innate lymphoid cells IL-7Ro and TSLPR by FACS Increased IL-5 and IL-13 expression [72]

from ears
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Table 2 (Continued)
Cell types Detection methods TSLP-mediated activity References
Non-hematopoietic cells
Epithelium and bronchial mucosal IL-7Ra by RT-PCR and western blot. Increase IL-13 expression [73]
layers of human lungs TSLPR by immunohistochemistry (IHC), Induce bronchial epithelial cell proliferation
RT-PCR and western blot and increased injury repair
Human airway epithelial cell line A549 IL-7Ro. by RT-PCR and TSLPR by RT- Upregulation of CCL17 expression [74]
and NHEBCs treated with TNFo or RSV PCR and western blot
Mouse epithelial cells, from jejunum, TSLPR by FACS and IHC Increase expression of the BCL-2 and SLP1 [76]

terminal ileum, and colon
Human airway smooth muscle
and THC

IL-7Ra and TSLPR by RT-PCR, FACS

Induction of IL-8/CXCLS8, eotaxin-1/CCL11 [75]
and IL-6

3.4. Innate immune cells

TSLPR as well as IL-7Ro. were expressed by human
invariant natural killer T cells in PBMCs of both AD patients or
of healthy controls [68], as well as in mouse NKT cells [69].
Freshly purified human eosinophils expressed a high level of
IL-7Ro and a moderate level of expression of TSLPR [70].
Human mast cells exhibited a high level of TSLPR and a low
level of IL-7Ra in comparison with T cells [32]. Moreover,
murine basophil progenitor expressed TSLPR and IL-7Ro., and
TSLPR was detected in basophils from human healthy donors
[71]. Recently, it has been reported that freshly isolated type 2
innate lymphoid cells (ILC2) from nasal polyps or blood
expressed TSLPR and IL-7Ra [34], whereas TSLPR and IL-
7Ro were shown to be expressed in mouse ILC2 resident in skin
[72].

3.5. Non-hematopoietic cells

Besides various hematopoietic cells, non-hematopoietic
cells have been also reported to express TSLP receptor. Both
TSLPR and IL-7Roc mRNAs were detected in lung ECs
isolated from bronchial biopsy specimens of asthmatic patients
and healthy control subjects [73]. In addition, primary
bronchial ECs from asthmatic individuals exhibited upregu-
lated expression of TSLPR and IL-7Ro following RSV
infection [74]. Another report showed that human airway
smooth muscle cells expressed the transcripts and proteins of
TSLPR and IL-7Ra [75]. Besides, intestinal epithelial cells
isolated from mouse jejunum, terminal ileum, and colon
expressed TSLPR [76].

Although these studies have suggested that various cells
could express TSLPR or/and IL-7Ra, we are still lack of
knowledge on the co-expression pattern of TSLPR and IL-7Ro
in these different cells. It remains to be elucidated which cells
(in mice and human) express functional TSLPR/IL-7Ra. on the
cell-surface, and are bona fide targets of TSLP signal in vivo.
Further studies are also required to explore how the expression
and function of TSLPR/IL-7Ra might be regulated in TSLP-
driven immune responses.

4. TSLP-TSLP receptor signaling

The signal cascade triggered by interaction of TSLP and its
functional receptor has been controversial. Initial experiments

reported that TSLP induced STAT-5 phosphorylation without
the involvement of Janus kinases (JAK) [4-7,77]. However,
recent studies showed that, in primary human DCs [78] and
primary human and mouse CD4" T cells [79], TSLP signaling
led to a robust and sustained activation of JAK-1 and JAK-2.
Rochman et al. raised an interesting model in which TSLPR
bound and used JAK-2 in concert with IL-7Ra-associated JAK-
1, thereby activating STAT proteins [79]. Indeed, multiple
members of STAT family have been reported in TSLP signaling
using different cell lines. TSLP induced phosphorylation of
STAT-5 and STAT-1 in CD4* T cells [79], or that of STAT-1, -3,
-4, -5 and -6 in human DCs [78]. In addition, STAT3 was found
involved in TSLP signaling in primary human bronchial smooth
muscle cells [75], or human trophoblast [80]. Besides, a recent
study using phosphoproteomic analysis also identified that
members of the Src and Tec families of non-receptor tyrosine
kinases were activated upon TSLP stimulation [81].

Whereas more and more signaling molecules in TSLP
signaling are being identified, how these molecules contribute
to TSLP signaling related to various biological functions, under
physiological or pathological conditions, have yet to be
elucidated.

5. TSLP in atopic diseases

TSLP has been recognized as a key player in the
pathogenesis of various human diseases, including allergy,
infection, autoimmunity and cancer. Among these, the initial
and most extensive studies, including ours, are in the context of
atopic disorders. In this section, we summarize the implication
of TSLP in AD, asthma, AR, as well as the atopic march, from
four lines of evidence:

o TSLP expression in affected tissues of atopic diseases;

e TSLP gene variants associated with atopic diseases;

e the sufficiency of TSLP signaling in triggering atopic
pathogenesis;

o the necessity of TSLP signaling in the pathogenesis of atopic
diseases.

5.1. TSLP and AD
AD is one of the most common skin disorders seen in infants

and children, characterized by pruritic, eczematoid skin
lesions, with abnormal epidermal-barrier function [1,82],
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affecting 15-30% in children and 2-10% in adults [1,83]. An
initial link between TSLP and AD was established by Soumelis
et al. [9], showing that TSLP was induced in KCs of the
suprabasal layers of the epidermis of lesioned skin from acute
and chronic AD patients, while it was undetectable in non-
lesional skin from the same patients or in the lesions from
nickel-induced contact allergic dermatitis patients or cuta-
neous lupus erythematosus patients. Although data from large
cohorts are still lacking, serum TSLP levels in children with
AD were reported to be elevated compared with healthy
controls in two studies [84,85]. Another report showed that
adult AD patients exhibited an increase of TSLP mRNA (in
skin) and protein (in sera) compared with healthy controls [86].
Moreover, patients with Netherton syndrome, which exhibit
severe AD-like phenotype with itching skin, elevated serum
IgE levels and sensitization to common allergens, showed
elevated TSLP expression in the skin [87].

Genetic analysis indicated that variants in TSLP and its
receptors (TSLPR and IL-7Ra) were associated with the risk of
AD and eczema herpeticum (a rare but serious complication of
AD) in European American and African American subjects
[88].

In vivo studies in mice have provided strong evidences that
TSLP initiates AD pathogenesis. Our previous work showed
that selective ablation of RXRo. and RXRp in epidermal
keratinocytes induced the expression of TSLP in keratinocytes,
and these mutant mice developed a chronic AD-like dermatitis,
associated with Th2 cytokine expression in skin, elevated
serum levels of IgE as well as blood and tissue eosinophilia
[37]. Moreover, transgenic K14-TSLP mice expressing TSLP
under the control of human K14 promoter [37], or transgenic
mice with doxycycline-induced TSLP overexpression in
keratinocytes under the control of K5 promoter [89], both
developed an AD-like syndrome. In addition, intradermal
injection of recombinant TSLP induced a skin inflammation
similar to AD [90]. All these evidences indicate that the induced
TSLP expression in skin is sufficient to drive an AD
pathogenesis.

Recently, studies explored whether TSLP signaling is
essentially required for allergic AD pathogenesis. Using a
mouse model for allergic AD induced by epicutaneous (e.c.)
sensitization of protein allergen ovalbumin (OVA) in barrier-
impaired skin, it was shown that mice lacking TSLPR
(TSLPR ") developed a less severe allergic skin inflammation
[91]. Using mice in which the TSLP was selectively and
inducibly ablated in epidermal KCs, our recent study
demonstrated that keratinocytic TSLP was essential not only
for generating skin allergic inflammation and allergen-induced
T helper type 2 responses, but also for developing sensitization
to allergen [52].

5.2. Asthma

Asthma is a chronic lung inflammation, characterized by
airway hyperactivity, and by symptoms of recurrent wheezing,
coughing, and shortness of breath [92]. It currently affects
approximately 10% of children and 3% of adults [2,93,94], and

remains the leading cause of hospitalization among young
children. Initially, studies by in situ hybridization showed
increased number of cells expressing TSLP mRNA in the
bronchial epithelium and submucosa of airways from asthma
patients, which was correlated with disease severity and the
increase of Th2-attracting chemokines CCL17 and CCL22
[95,96]. Moreover, TSLP protein level was increased in airway
epithelium and lamina propria of patients with asthma
(particularly the severe forms); and it correlated with the
severity of the disease and the expression of the Th2 cytokine
IL-13 [97].

Several TSLP variants have been associated with asthma
phenotype in different populations. Two variants (SNP
rs3806933 and rs2289276) in TSLP promoter region were
significant associated with childhood atopic and adult asthma in
a Japanese population [98]. In addition, variant rs1837253
(located around 5 kb upstream of the transcription start site)
was significantly associated with protection from asthma in
heterogeneous population [99]. Two of these above variants
(rs2289276 and rs1837253 and) have been replicated in five
ethnically different populations [100]. Additional variant
located in the intron 2 (rs1898671) was associated with asthma
in admixed urban population [101].

Studies in mice showed that TSLP expression in the lung
triggered asthmatic airway inflammation. Transgenic SPC-
TSLP mice overexpressing TSLP in lung epithelial cells under
the control of surfactant protein C (SPC) promoter developed a
spontaneous lung inflammation, exhibiting incrased total cell
and eosinophil number in bronchoalveolar lavage (BAL),
infiltration of Th2 cells into the lung, airway remodeling and
airway hyperesponsiveness (AHR) [102]. Another report
showed that i.n. instillation of TSLP led to a significant
inflammatory infiltrate of eosinophils and lymphocytes in the
BAL, an increase of Th2 cytokine expression in lungs and an
elevation of serum IgE levels [103]. In addition, mice i.n.
treated with OVA exhibited an enhanced airway inflammation
when combined with instillation of TSLP or overexpression of
lung TSLP [104], suggesting that lung TSLP could promote
allergen-induced asthma.

The requirement of TSLP/TSLPR was investigated by a
variety of mouse models; however, the results remain
controversial. Initially, using a “classical”” asthma experimen-
tal model induced by OVA/aluminium intraperitoneal (i.p.)
sensitization and i.n. challenge, it was reported that TSLPR '~
mice were less susceptible for developing an asthmatic
phenotype [60,102]. More recently, the role of TSLP/TSLPR
was examined in HDM-induced experimental asthma models,
which however led to different conclusions. Willard et al.
showed that TSLP played a role in generating lung inflamma-
tion when high dose of HDM was administrated [105]. A recent
study reported that TSLP neutralization by blocking antibody,
during last two weeks of a chronic HDM-induced asthma
mouse model (5 weeks HDM treatment) diminished airway cell
infiltration and structural remodeling, decreased levels of Th2
cytokines in BAL fluids, and reduced AHR [106]. Togbe et al.
found that TSLPR ™'~ mice developed a reduced allergic
inflammation in their HDM or papain-induced models [107].
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However, using an acute HDM-induced asthma mouse model,
another group declared that there was no significant implica-
tion of TSLP in airway inflammation [108], because blocking
TSLP signaling either by neutralizing antibody or using
TSLPR /'~ mice, did not reduce the severity of the asthma
phenotype. Taken together, the role of TSLP in asthma
pathogenesis needs to be clarified. Notably, results from the
studies using experimental mouse models should be carefully
interpreted, by taking into consideration the pathophysiolo-
gical relevance of the experimental models, including the
amount of a given allergen and the administration route of
allergen. It remains also to be seen whether TSLP/TSLPR
signal plays different roles during the different stages of
asthma pathogenesis (e.g. allergen sensitization or challenge
phase) [109], or in different cell types involved in airway
inflammation. Conditional knockout mice with inducible and
cell-specific ablation of TSLP or TSLPR gene should be useful
to address these questions.

5.3. Allergic rhinitis (AR)

AR is an inflammation of the nasal mucosal linked with an
exaggerated IgE mediated hypersensitivity to common aero-
allergens, such as pollen and HDM. In biopsies from patients
with AR, TSLP levels in the nasal epithelium were found
increased, which correlated with AR severity [110,111]. In
addition, TSLP levels were also correlated with Th2 cytokine
levels, eosinophil number and local IgE levels in patients with
nasal polyposis, although the increase of TSLP did not correlate
with the atopic status [112].

Single TSLP variant (SNP rs1837353) has been related with
AR in children with asthma in three different populations [113].
However, analyses of 11 SNPs in TSLP locus in Chinese
population failed to establish any association between TSLP
variants and AR. However, it is notable that AR patients with
co-morbid asthma, AD or other allergic disease were excluded
in this study [114].

Studies using mouse model of AR supported the implication
of TSLP in AR. In an AR experimental mouse model, blocking
TSLP with antibodies reduced the frequency of nasal rubs, the
infiltration of leukocytes and the mucus production in the nasal
epithelium and submucosa [111].

5.4. Atopic march

The term ‘‘atopic march” refers to the natural history of
atopic manifestations, characterized by a typical sequence of
clinical symptoms and conditions appearing during certain age
period and persisting over a number of years. Commonly, AD
precedes the development of airways allergic diseases (asthma
and/or allergic rhinitis) [3,115]: more than 50% of AD patients
with moderate to severe AD develop asthma and/or allergic
rhinitis at later stage, and the severity of AD appears to
influence the course of respiratory allergy. Indeed, allergen
sensitization, which is developed in most of AD patients, has
been recognized to be an initial step and principle risk factor in
the onset of the atopic march.

Studies using mouse models have provided strong
evidences that TSLP plays a critical role in the atopic march.
The first evidence came from our previous study [116],
revealing that increased expression of TSLP in skin KCs,
either by ablation of RXRs in adult mouse KCs, or upon
MC903 skin topical treatment, not only triggered an AD, but
also led to aggravation of an asthmatic lung inflammation
when mice were concomitantly subjected to ovalbumin (OVA)
intraperitoneal (i.p.) sensitization and i.n. challenge [116].
These data suggested that keratinocyte-produced TSLP could
provide a molecular link between AD and asthma. This was
supported by another study from Demehri et al. [117],
showing that induced TSLP production in skin by ablation of
keratinocytic RBP-j, aggravated OVA-induced airway inflam-
mation. Furthermore, our study showed that the increased
production of TSLP in KCs only during the i.p. sensitization
phase was able to aggravate asthma [116], thus raising an
hypothesis that TSLP produced by skin KCs contributes to the
progression from AD to asthma through enhancing allergen
sensitization.

However, the clinical relevance of these two previous studies
[116,117] was not strong, because the experimental asthma
mouse model based on allergen sensitization that is induced by
i.p. injection of OVA complexed with exogenous adjuvant
(aluminium hydroxide), could not mimic the ‘natural”
sensitization that occurs in epithelia such as skin and airways
[118,119]. Recently, we further explored the role of skin TSLP
in the atopic march, by employing a more faithful mouse
model, which involves first an e.c. sensitization phase by
allergen treatment on barrier-impaired skin (induced by tape
stripping), followed by an i.n. challenge phase. Our study
demonstrated that keratinocytic TSLP played a crucial role in
promoting e.c. sensitization, thereby triggering the subsequent
development of the atopic march. Of particular interest, using
TSLP°*® mice in which overexpression of TSLP in keratino-
cytes could be induced in a dose-dependent manner, our study
showed that skin TSLP levels were correlated with skin
sensitization strength and asthma severity, thus providing an
important evidence that skin TSLP could promote allergic
asthma in a quantity-dependent manner [52].

Besides the effect of TSLP on skin sensitization, we have
also investigated whether TSLP produced by skin could impact
airway sensitization. Using an experimental asthma model
involving airway sensitization and challenge to HDM, our
study showed that in addition to be a crucial factor in allergen
sensitization through the skin, TSLP produced by epidermal
keratinocytes also promoted sensitization to aeroallergens
through the airway, and thereby contributed to the development
of allergic asthma [120].

Together, these studies demonstrate that skin TSLP plays a
critical role during the allergen sensitization phase in the onset
of the atopic march. It suggests that the treatment or prevention
strategy of asthma targeting only airways may be insufficient,
and that blocking TSLP production in skin could be
therapeutically useful in preventing or limiting both skin and
airway sensitization, thus halting the progress of the atopic
march.
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5.5. Cellular and molecular mechanism

Although it has been now well recognized that TSLP plays a
critical role in the pathogenesis of atopic diseases, the
underlying cellular and molecular mechanisms remain to be
elucidated. On the one hand, a great number of knowledge has
been accumulated on that TSLP could act on multiple immune
cells involved in atopic pathogenesis; and on the other hand,
how TSLP drives and coordinates the immune responses in the
tissue microenvironment is not yet well understood. We give
here a brief review of these two aspects.

Studies in vitro have suggested a major role of TSLP in the
maturation and migration of DCs. Human and mouse DCs
exhibited an increase of the expression of activation markers
CD40, CD80, CD86 and MHCII upon the treatment of
recombinant TSLP [8,60,102]. Moreover, it was demonstrated
that TSLP-activated human DCs induced an inflammatory Th2
response through OX40 ligand (OX40L) [121]. In mice,
OX40L expression was shown in DCs in lung-draining LNs
upon the i.n. treatment of OVA plus TSLP, and in vivo blockade
of OX40L inhibited TSLP-driven Th2 lung inflammation [103].
Recently, our study demonstrated that keratinocytic TSLP was
essential for inducing the OX40L expression in CD11¢* DCs in
skin-draining LNs upon e.c. OVA sensitization [52]. Apart from
these, human TSLP was found to trigger a cell-autonomous DC
migration in confined environment [122].

Besides the effects on DCs, TSLP was also reported to
induce the proliferation of mouse CD4" T cells under the anti-
CD3 stimulation in vitro and to affect CD4* T cell development
and proliferation in vivo [123]. In an in vitro culture system,
TSLP could prime Th2 differentiation in the absence of antigen
presenting cells, and the treatment of CD4" T cells with TSLP
in the presence of TCR stimulation led to IL-4 production
[124]. However, whether TSLP plays such a role in vivo
remains to be investigated.

Moreover, TSLP appears to have effects on various innate
cell types implicated in allergic response, including mast cells,
NKT cells, eosinophils, basophils and innate lymphoid cells. It
was shown that TSLP enhanced the production of cytokines
and chemokines (IL-5, IL-13, IL-6, GM-CSF, CXCL8 and
CCL1) in human mast cells induced by IL-1/TNF stimulation
[32]. TSLP was able to induce the expression of IL-13 in
mouse NKT cells [69] and that of IL-13 and IL-4 in human
iNKT cells [68]. TSLP-treated human eosinophils exhibited
an increase of expression of cytokines and chemokines (IL-6,
CXCLS8, CXCL1 and CCL2), as well as adhesion molecules
(ICAM-1 and CD18), and presented a prolonged survival [70].
TSLP has been also shown to act directly on bone marrow
resident progenitors and trigger basophil hematopoiesis [71].
Increased levels of TSLP in circulation led to peripheral
basophilia [71,125]. In addition, it was shown recently that
TSLP enhanced the production of Th2 cytokines (IL-4, IL-5
and IL-13) by human and mouse innate lymphoid cells
[34,72].

Although these studies suggested that TSLP could
potentially target various immune cells, and exert multiple
functions in different stages of atopic pathogenesis, our current

knowledge has been mostly based on either the in vitro
stimulation of a particular cell type, or at a particular snapshot
time of analyses. To achieve a better mechanistic understanding
of TSLP-triggered immune responses, it is important to
delineate the nature of key cellular players, and how they
interact and crosstalk in an in vivo context. Most recently, by
dissecting the cellular network triggered by mouse skin TSLP,
our study uncovered that TSLP-promoted IL-4 induction in
CD4" T cells in skin-draining lymph nodes was driven by an
orchestrated “DC-T-Baso-T” cascade, which represents a
sequential cooperation of DC, CD4* T cells and basophils.
Moreover, this study revealed that TSLP-activated DCs primes
naive CD4" T cells to produce IL-3 via OX40L signaling, and
demonstrated that the TSLP-OX40L-IL-3 axis played an
important role in mediating Th2 priming [126]. These findings
thus made a step forward towards a comprehensive unders-
tanding of the TSLP-triggered Th2 immune responses.

6. Concluding remarks

Studies in the recent ten years have achieved great progress
in recognizing the key roles of TSLP in the atopic
inflammation. Besides, TSLP has been also shown to exert
multiple functions in physiological and pathophysiological
situations, and dysregulated TSLP expression has been
associated with multiple pathologies, including inflammatory
bowel diseases, parasite infection, autoimmunity and cancer,
although certain conclusions from these studies remain
controversial. Studies should move on to achieve a better
understanding of cellular and molecular mechanisms underly-
ing the role of TSLP in physiological and pathophysiological
processes, which will be helpful for designing the therapeutic
or/and preventive strategies in TSLP-associated diseases.
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