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1 | INTRODUCTION

2 | Hyung-Min Kim? |

Background and Purpose: As an osteoclast differentiation factor, receptor activa-
tor of NF-kB ligand (RANKL) is produced by various immune cells and may be
involved in the pathogenesis of osteoporosis and inflammation. Although RANKL is
expressed in most immune cells and tissues, it is not clear how this might affect
allergic inflammation.
Experimental Approach: The roles of RANKL in allergic rhinitis (AR) were analysed
in an ovalbumin (OVA)-induced animal model, human subjects, and a human mast cell
line (HMC-1). Small interfering RNA experiments were performed in an OVA-induced
AR model.

RANKL and RANKL receptor (RANK) were up-regulated in serum or

nasal mucosal tissues of AR patients and AR mice. RANKL and RANK were

Key Results:

colocalised in mast cells of nasal mucosa tissue. Depletion of RANKL by RANKL
siRNA ameliorated AR symptoms and reduced AR-related biomarkers, including thy-
mic stromal lymphopoietin (TSLP), IgE, histamine, and inflammatory cell infiltration,
whereas recombinant RANKL increased AR responses and TSLP levels. In addition,
functional deficiency of TSLP decreased AR responses induced by RANKL. In human
mast cells, interaction of RANKL with RANK increased production of TSLP and
inflammatory cytokines. Production of TSLP by RANKL stimulation was mediated
through activation of the PI3K, MAPK, caspase-1, and NF-kB pathways. Furthermore,
dexamethasone alleviated RANKL-induced inflammatory reactions in AR models.

Conclusion and Implications: Collectively, these data suggest that RANKL may

induce development of AR through up-regulation of TSLP.

by an allergen cross-linking with IgE bound to a mast cell. Mast cells,

which lead to acute clinical symptoms with early nasal responses such

Allergic rhinitis (AR) is a Type | hypersensitive inflammatory immune
responses in the nasal mucosa caused by inhaled allergens, such as

mould, animal dander, and pollen (Rondén et al., 2012). AR is induced

Abbreviations: AR, allergic rhinitis; DC, dendritic cells; Foxp3, forkhead box P3; ICAM-1,
intercellular adhesion molecule 1; IMDM, lsocove's modified Dulbecco's medium; MIP-2,
macrophage inflammatory protein 2; OVA, ovalbumin; PDTC, pyrrolidinedithiocarbonate;
TSLP, thymic stromal lymphopoietin

*These authors contributed equally to this work.

as itching, sneezing, congestion, and rhinorrhea by IgE-dependent
release of histamine, leukotrienes, and prostaglandins (May & Dolen,
2017), have a central role in inflammatory allergic reactions through
the infiltration of inflammatory cells by the production of thymic stro-
mal lymphopoietin (TSLP) and Th2 cytokines (Amin et al., 2012; Jeong
et al.,, 2002; Moon et al., 2011; Oh, Ryu, Cha, Kim, & Jeong, 2012).
Receptor activator of NF-kB ligand (RANKL, also known as osteo-

clast differentiation factor; osteoprotegerin ligand; and TNF-related
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activation-induced cytokine) is a member of the TNF ligand family that
exists as a Type || membrane-bound protein, a soluble fragment, and a
secreted protein (Anderson et al., 1997). RANKL is expressed in a wide
variety of cell lineages and tissues, including osteoblasts, activated T
cells, keratinocytes, mammary gland epithelial cells, skeletal muscles,
the lung, the stomach, and the brain (Anderson et al., 1997;
Kartsoginannis et al., 1999; Loser et al., 2006; Schett, Hayer, Zerina,
Redlich, & Smolen, 2005; Wada, Nakashima, Hiroshi, & Penninger,
2006). Its signalling receptor RANK, a member of the TNF receptor
family, is expressed in dendritic cells (DCs), osteoclast progenitors,
macrophages, and peripheral blood monocytes, and RANKL-RANK
signalling has been found to have roles beyond bone homeostasis in
organogenesis, immune regulation, and cancer (Walsh et al., 2014;
Wong et al., 1997; Theill, Boyle, & Penninger, 2002). Recently, mast
cells were reported to produce RANKL in atherosclerotic plaques to
induce the calcification of vascular smooth muscle cells (Ali et al.,
2006). However, the core function of RANKL in AR is still not well
understood.

TSLP is an IL-7-like cytokine that triggers DCs and mast cells to
induce Th2 inflammatory responses (Allakhverdi et al., 2007) and has
been linked to the pathogenesis of asthma, atopic dermatitis, and
eosinophilic oesophagitis (Jariwala, Abrams, Benson, Fodeman, &
Zheng, 2011; Rothenberg et al., 2010; Ying et al., 2005). Furthermore,
TSLP is an important factor involved in the development of AR (Moon
et al., 2011; Nam, Kim, & Jeong, 2017).

In the present study, we elucidated a novel role of RANKL/RANK
in AR. Furthermore, the signal transduction pathways of RANKL/
RANK were investigated in human mast cells. Our findings show that
RANKL is a novel stimulator for the development of inflammatory

responses in AR.

2 | METHODS

2.1 | Human tissue samples

The local ethics committee approved the study (KMC IRB 0915-02),
and informed consent was obtained from the donors of the tissue
samples. Serum and nasal tissue was obtained from patients with AR
and control subjects at the Ear, Nose, and Throat Department of the
Kyung Hee University Hospital in Seoul, Korea, between 02010 and
2012. The baseline characteristics of normal healthy controls and AR
patients are provided in Supporting Information Table S1. The normal
nasal mucosa was obtained from the inferior turbinates of healthy
control subjects who had normal nasal mucosa and who were admit-
ted for augmentation rhinoplasty. Allergic nasal mucosa was obtained
from patients with severe persistent AR during septoturbinate sur-
gery; their turbinate mucosa showed an oedematous and congested
appearance. These patients had been previously treated with medical
management (antihistamine and intranasal steroid spray) without satis-
factory improvement for at least 3 months. They had one or more of
the following symptoms: sleep disturbance; impairment of daily

activities, leisure and/or sports; and impairment of school or work.
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What is already known

o RANKL is an osteoclast differentiation factor.

o RANKL-RANK system plays important roles in bone
homeostasis, organogenesis, immune regulation, and

cancer.

What this study adds
e RANKL is increased in patients with allergic rhinitis and in

corresponding mouse models.

e RANKL-RANK system induces development of allergic
rhinitis through up-regulating the cytokine thymic
stromal lymphopoietin.

What is the clinical significance
o RANKL/RANK signalling pathway might be a target in the

treatment of allergic rhinitis.

All tissue samples were divided into two portions. One portion was
frozen in liquid nitrogen and stored at -70°C for protein isolation.
For immunohistochemistry, another sample was also frozen in liquid

nitrogen and stored at -~70°C for a subsequent procedure.

2.2 | Animals

All animal care and experimental procedures were conducted with
approval from the animal care committee of Kyung Hee University
(Approval no. KHUASP (SE)-15-118). Animal studies are reported in
compliance with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath & Lilley, 2015) and with the recommendations made by the
British Journal of Pharmacology.

Six-week-old female BALB/c (20-22 g, Dae-Han Experimental Ani-
mal Center, Eumsung, Republic of Korea) mice were maintained under
pathogen-free conditions (Cat# TAC:balb, RRID:IMSR_TAC:balb). Five
animals were housed per cage (294 x 190 x 125 mm) in a laminar air-
flow room maintained at 22 + 1°C and a relative humidity of 55 + 10%
under a 12:12 light/dark cycle with the light switched on at 7 a.m.
throughout the study. The mice had access to food and water ad

libitum.

2.3 | Ovalbumin-induced model of AR

Mice were sensitized (i.p.) with 100 pg of ovalbumin (OVA), emulsified
with 20 mg of aluminium hydroxide (Sigma-Aldrich) in 100 pl of PBS
on Days 1, 5, and 14. Then, local immunization was performed once
a day from Day 15 to Day 24 by instilling the OVA or recombinant
mouse RANKL. For the siRNA treatment, mice were transfected with
RANKL-specific siRNA (2 nM), TSLP siRNA (2 nM), or negative control
siRNA (2 nM) using lipofectamine 2000 (Invitrogen, Carlsbad, CA) as

previously described (Hosoya et al., 2011) 20 min before intranasal
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OVA challenge for the entire 10-day experimental period. Nasal
symptoms were evaluated by counting the number of nasal rubs that
occurred in the 10 min after OVA intranasal provocation at the
10-day mark after the challenge. After scoring the nasal rubs, the
animals were killed. We measured OVA-specific IgE as the relevant

endpoint for AR.

24 | ELISA

Cytokine antibodies were purchased from BD Biosciences
Pharmingen. Cytokines of serum, mucosa tissue, and cell supernatant
were measured using an ELISA. Nasal mucosa tissues were homoge-
nized with protease and phosphatase inhibitors in homogenization
buffer (Sigma, St. Louis, MO). The homogenates were transferred to
1.5-ml tubes, centrifuged at 13,000x g for 10 min at 4°C, and the
supernatant was stored at -80°C until analysed. ELISA was performed
by coating 96-well plates with capture antibody (1 ug per well). Before
the subsequent steps in the assay, the coated plates were washed
twice with PBS containing 0.05% Tween 20. All reagents and coated
wells used in this assay were incubated for 2 hr at room temperature.
A standard curve was generated from the known concentrations of
cytokine, as provided by the manufacturer. Detection antibodies were
incubated at room temperature for 2 hr. After washing, avidin-
peroxidase was added and the plates were incubated at 37°C for 30
min. After additional washes, substrate (Pharmingen) was added. The
plates were read at 405 nm. Appropriate specificity controls were
included, and all samples were run in duplicate. Cytokine levels in the
nasal mucosa were expressed relative to the total protein in the sam-

ple. The protein was estimated using the bicinchoninic acid method.

2.5 | Histamine assay

Histamine was measured in serum and rat peritoneal mast cells by the
OPA spectrofluorometric procedure (Han et al., 2010). The fluorescent
intensity was measured at 460 nm (excitation at 355 nm) using a

spectrofluorometer.

2.6 | Cell culture and stimulation

HMC-1 cells (Cat# SCC067, RRID:CVCL_H206) were generously pro-
vided by EichiMorri (Osaka University, Osaka, Japan). HMC-1 cells
were grown in an IMDM medium supplemented with 100 U-ml™* of
penicillin, 100 ug:-ml™! of streptomycin, 10 uM of monothioglycerol,
and 10% heat-inactivated FBS at 37°C, in 5% CO, and 95% humidity.
Human primary cord blood-derived CD34" progenitor cells were
purchased from ATCC (Manassa, VA) and were cultured and grown
in IMDM medium supplemented with 100 U-ml™* of penicillin,
100 pg:ml™ of streptomycin, 10% FBS, 50 pM of mercaptoethanol,
recombinant human stem cell factor (100 ng-ml™%), IL-6 (50 ng:ml™%),
and IL-3 (10 ng:ml™Y) at 37°C in 5% CO, with 95% humidity. After

6-7 weeks of culturing, more than 90% of the cells were identified

as mast cells as determined by toluidine blue staining. Cells were
treated with recombinant human RANKL 10 ng-ml™* for 8 hr at 37°C.

2.7 | RNA isolation and quantitative real-time PCR

HMC-1 cells were treated with RANKL (10 ng:-ml™?) for 24 hr. The
total RNA was isolated from the cells according to the manufacturer's
specification using an easy-BLUE RNA extraction kit (INtRON Bio-
technology, Kyunggi-do, Korea). The concentrations of total RNA in
the final elutes were determined by spectrophotometry. Total RNA
(2.5 pg) was heated at 72°C for 5 min and then chilled on ice. Each
sample was reverse-transcribed to cDNA for 90 min at 42°C using a
cDNA synthesis kit (INtRON Biotechnology, Sungnam, Republic of
Korea). For human TSLP, quantitative real-time PCR was performed
using an SYBR Green master mix with primers (forward 5'-TATGAG
TGGGACCAAAAGTACCG-3'; reverse 5'-GGGATTGAAGGTTAGG
CTCTGG-3'), and mRNA was analysed using an ABI StepOne real-
time PCR System (Applied Biosystems, Foster City, CA). All data were
analysed using the AACT method. For human RANK;, PCR was per-
formed using the following primers for the human RANK (forward
5'-AGGTGTCTTACTGACT CTGG-3'; reverse 5'-GCTGTCTTCCTCTA
TCTCGGTCT-3'); GAPDH (forward 5'-CAAAAGGGTCATCATC
TCTG-3'; reverse 5'-CCTGCTTCACCACCTTCTTG-3'). The annealing
temperature was 57°C for RANK and 60°C for GAPDH respectively.
Products were analysed by electrophoresis on a 1.5% agarose gel
and visualized by staining with ethidium bromide.

2.8 | Preparation of nuclear extracts and cytoplasmic
extracts

Briefly, after cell activation, the cells were washed with ice-cold PBS
and resuspended in 60 pl of buffer A (10 mM of HEPES/KOH,
2 mM of MgCl,, 0.1 mM of EDTA, 10 mM of KCI, 1 mM of dithiothre-
itol, and 0.5 mM of phenylmethylsulfonyl fluoride, pH 7.9). The cells
were left on ice for 15 min, lysed gently with 2.5 pl of 10% Nonidet
P-40, and centrifuged at 2,000x g for 10 min at 4°C. The supernatant
was collected and used as the cytoplasmic extract. The nuclei pellets
were resuspended in 40 pl of buffer B (50 mM of HEPES/KOH,
50 mM of KCI, 300 mM of NaCl, 0.1 mM of EDTA, 10% glycerol,
1 mM of dithiothreitol, and 0.5 mM of phenylmethylsulfonyl fluoride,
pH 7.9), left on ice for 20 min and inverted. The nuclear debris was
then centrifuged at 15,000x g for 15 min. The supernatant (nuclear
extract) was collected and stored at -70°C until the analysis was
performed.

2.9 | Western blot analysis

All antibody-based procedures used in this study complied with the
recommendations made by the British Journal of Pharmacology. Cell
extracts were prepared using a detergent lysis procedure. Samples
were heated at 95°C for 5 min and briefly cooled on ice. After centri-
fugation, 50 ug aliquots were resolved by 10% SDS-PAGE. After
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electrophoresis, the protein was transferred to nitrocellulose mem-
branes, and then the membranes were blocked for 2 hr with 5% skim
milk. The primary antibodies were diluted with PBS containing
Tween-20 (PBST) and incubated overnight at 4°C. Afterwards, the
nitrocellulose membrane was washed five times for 15 min with PBST.
For protein detection, the blot was incubated with secondary
antibodies (1:3,000 in PBST) conjugated with peroxidase for 40 min.
Finally, the protein bands were visualized using an enhanced
chemiluminesence assay purchased from Amersham Co. (Newark,

NJ) following the manufacturer's instructions.

2.10 | Histological examination

Tissue samples were immediately fixed with 10% formaldehyde and
embedded in paraffin. Next, nasal mucosa samples were cut into
4-um-thick sections that were stained with haematoxylin and eosin
(for eosinophils), Alcian blue and Safranin O (for mast cells), and Foxp3
(for Treg cells; Abbiotec, San Diego, CA) after dewaxing and
dehydration. The sections were coded and randomly analysed by
two observers, blinded to the treatment groups, by counting the
numbers of eosinophils, mast cells, and Treg cells on both sides of

the septal mucosa.

211 | Confocal laser scanning microscopy

Nasal tissues were immediately fixed with 4% formaldehyde and
embedded in paraffin. After dewaxing and dehydration, sections were
blocked with BSA followed by 60-min incubation with anti-RANKL
(Cat# sc-9073, RRID:AB_2303585), anti-RANK (Cat# sc-374360,
RRID:AB_10990136), anti-C-kit (Cat# sc-168, RRID:AB_631033), and
anti-CD4 (Cat# sc-19641, RRID:AB_627055) antibodies (Santa Cruz,
CA) at a concentration of 1 pg:ml™’. The secondary antibodies,
fluorescein isothiocyanate (green)-conjugated anti-goat 1gG (Cat#
ab6737, RRID:AB_955274), DyLight 649 (purple)-conjugated anti-
mouse 1gG  (Cat# 015-490-003, RRID:AB_2337220), or
tetramethylrhodamine (red)-conjugated anti-rabbit IgG (Cat# ab6718,
RRID:AB_955551; Abcam, Cambridge, MA), were added to the incu-
bation for 30 min. Mounting medium containing 4',6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA) was used to
counterstain the DNA. All specimens were examined with a confocal

laser-scanning microscope.

2.12 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). All results are expressed as the
mean + SEM. In vitro studies were conducted independently at least
five times (n = 5). A power analysis was performed to determine a
suitable sample size of in vivo studies. Using two independent sample
t-tests, we calculated the sample size and G power (RRID:

SCR_013726). Sample size (n = 5 mice per group: Type | error 0.05;
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power 99.86% and n = 10 mice per group: Type | error 0.05; power
98.97%) was determined in a pilot study. Statistical analyses were per-
formed using SPSS statistical software (RRID:SCR_002865, SPSS 11.5,
Armonk, NY). Independent t-test or one-way ANOVA followed by
Tukey's post hoc test was used when there were two or multiple
groups to compare respectively. For all one-way ANOVAs, post hoc
tests were run only if F achieved P < 0.05 and there was no signifi-
cant variance inhomogeneity. In all cases, P values <0.05 were consid-
ered significant.

2.13 | Materials

We purchased ovalbumin (OVA), phorbol 12-myristate 13-acetate,
calcium ionophore (A23187), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide, DMSO, PBS, BSA, bicinchoninic acid,
dexamethasone, and avidin-peroxidase from Sigma Chemical Co.
(St. Louis, MO); Isocove's modified Dulbecco's medium (IMDM),
penicillin, streptomycin, and FBS from Gibco BRL (Grand Island,
NY). ERK inhibitors N-[(2R)-2,3-dihydroxypropoxy-3,4-difluoro-2-[(2-
fluoro-4-iodophenyl)amino]-benzamide (PD03259010), c-jun amino
JNK inhibitors Anthra (1,9-cd)pyrazol-6(2H)-one (SP600125), p38
inhibitors  4-(4-flurophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)
imidazole (SB203580), NF-kB inhibitors pyrrolidinedithiocarbonate
(PDTC), PI3K inhibitors (wortmannin), and caspase-1 inhibitor were
purchased from Sigma-Aldrich (St. Louis, MO). RANKL-specific
siRNA, TSLP-specific siRNA, and a negative control siRNA were pur-
chased form Dharmacon (Lafayette, LA). Antibody for RANKL (Cat#
sc-9073, RRID:AB_2303585), RANK (Cat# sc-374360, RRID:
AB_10990136), forkhead box P3 (Foxp3; Cat# sc-130666, RRID:
AB_2104931), ERK (Cat# sc-94, RRID:AB_2140110), phosphorylated
ERK (Cat# sc-7383, RRID:AB_627545), JNK (Cat# sc-571, RRID:
AB_632385), pJNK (Cat# sc-6254, RRID:AB_628232), p38 (Cat# sc-
535, RRID:AB_632138), pp38 (Cat# sc-7973, RRID:AB_670359),
plkB-a (Cat# sc-8404, RRID:AB_627773), NF-kB (Cat# sc-8008,
RRID:AB_628017), histone (Cat# sc-10806, RRID:AB_2117992), cas-
pase-1 (Cat# sc-56036, RRID:AB_781816), PI3K (Cat# sc-1637,
RRID:AB_628126), actin (Cat# sc-8432, RRID:AB_626630), and
a-tubulin (Cat# B-7, RRID:AB_628411) were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Recombinant human
RANKL (Cat# CABT-P1009H, RRID:AB_11466115) and anti-human
RANKL (neutralization, Cat# AF626, RRID:AB_355484) antibodies
were purchased from R&D Systems Inc. (Minneapolis, MN). IgG Ab

was purchased from BD Biosciences Pharmingen (San Diego, CA).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Fabbro
et al., 2017a; Alexander, Fabbro et al., 2017b).
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3 | RESULTS

3.1 | RANKL is up-regulated in AR patients and
localized on mast cells

High levels of RANKL protein was detected in the serum and nasal
mucosal tissue of AR patients, significantly above levels in samples
from normal subjects. Most of the cells positive for RANKL were
c-Kit" mast cells and CD4" T cells (Figure 1a-d and Supporting
Information Figure S1a,b). Additionally, quantitative scores for RANKL
in the serum of the AR patients were significantly correlated with
those for inflammation during eosinophil counting (Supporting
Information Table S2). In the nasal mucosa tissues of mice with
OVA-induced AR, the levels of RANKL were higher than those in the

tissues of the normal mice, and most of the cells staining positive for
RANKL in the nasal mucosa tissues of the AR mice were mast cells
(Figure 1e,f and Supporting Information Figure Slc). Moreover, the
numbers of CD4" T cells in the nasal mucosa of AR mice were
significantly higher than those in normal mice (Supporting Information
Figure Sid,e). Finally, colocalization of RANKL and RANK was

observed in the mast cells of the nasal mucosa tissues (Figure 1g).

3.2 | Knockdown of RANKL alleviates AR symptoms
and responses in AR mice

We sought to confirm the potential role of RANKL in the AR mice
model, using RANKL siRNA. Sensitized mice received local injections

of RANKL siRNA or control siRNA prepared in lipofectamine and were
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FIGURE 1 RANKL is up-regulated in AR patients and localized on mast cells. (a) RANKL in serum (n = 40) and (b) homogenized nasal mucosal
tissues (n = 20) of AR patients was analysed by ELIsA. *P < 0.05; significantly different from normal. (c) RANKL (upper panel) and RANK (lower

panel) expression in the nasal mucosa of AR patients was determined by western blot analysis. (d) Immunostaining for RANKL (green) and staining
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emulsified with 20 mg of aluminium hydroxide and then challenged with 1.5 mg of OVA. (e) Immunostaining for RANKL (green) and staining for C-
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challenged with intranasal OVA for 10 days. The knock-down efficien-
cies of these siRNAs were then examined by ELISA and Western
blotting for the RANKL protein in the nasal mucosa tissues. RANKL-
specific siRNA transfection effectively reduced the protein levels of
RANKL relative to the control siRNA in the nasal mucosal tissues
(Figure 2a,b).

Animals with AR usually develop sneezing and nose rubbing
symptoms as well as increased nasal secretions (Nam, Kim, & Jeong,
2017; Oh, Ryu, Cha, Kim, & Jeong, 2012). Assessment of nasal rubbing

immediately after the last nasal challenge showed that it increased for

BRITISH 1669
PHARMACOLOGICAL
SOCIETY

10 min after OVA challenge, then decreased (data not shown). Addi-
tionally, the frequency of nasal rubbing in the RANKL siRNA mice
was significantly lower than in the mice that received the control
siRNA (Figure 2c). These results clearly indicate that down-regulation
of RANKL in the nasal mucosa tissues ameliorated the AR-related clin-
ical symptoms in the OVA-sensitized mice. Serum IgE and histamine
levels were significantly attenuated in the RANKL siRNA mice relative
to that in the control siRNA mice (Figure 2d,e). Serum TSLP, IL-1B, IL-4,
IL-25, and IL-33 levels were significantly reduced in the RANKL siRNA

mice compared with the control siRNA mice (Figure 2f-h). Serum IL-5
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FIGURE 2 Knockdown of RANKL alleviates AR symptoms in AR mice. Mice were sensitized on Days 1, 5, and 14 by i.p. injections of 100 ug of
OVA emulsified in 20 mg of aluminium hydroxide, after which they received local injections of RANKL siRNA and control siRNA, or PBS alone into
the nasal cavity, and were challenged with intranasal OVA for 10 days. (a) The production of RANKL in the nasal mucosal tissues of mice was
determined by ELISA and (b) western blot analysis. (c) The number of nose rubs that occurred 10 min after OVA intranasal provocation. (d) OVA-
specific IgE levels in serum were measured using the ELISA method. (e) The levels of histamine in serum were measured by a histamine assay
method. (f-h) The levels of cytokines in serum were measured using the ELISA method. (i) OVA-specific IgE levels in the nasal mucosa were
measured by ELISA. (j-n) The levels of cytokine in the nasal mucosa were measured by ELISA. (o,p) The levels of CXCL2 and ICAM in nasal mucosa
tissue were measured using ELISA method. Data shown are the means = SEM from n = 10 mice per group. *P < 0.05; significantly different from the
OVA-unsensitized mice. *P < 0.05; significantly different from the control siRNA OVA-sensitized mice
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and IL-13 in the RANKL siRNA also tended to decrease when com-
pared with the control siRNA mice, although this decrease was not
significant (Figure 2g). IL-10, which is also known as Th2 cytokine, is
an anti-inflammatory cytokine that is up-regulated in OVA-sensitized
mice (Kleinjan et al., 2013). In the present study, the serum IL-10 levels
were significantly reduced in the RANKL siRNA mice compared with
the control siRNA mice (Figure 2h). Taken together, these data suggest
that RANKL induced an elevated Th2 immune response.

We next examined the effects of RANKL silencing on allergic
inflammation in the nasal mucosal tissues. Increased IgE, TSLP, and
pro-inflammatory cytokines (IL-1B, TNF-a, IL-6, and IL-8) were
significantly reduced in the RANKL siRNA mice compared with the
control siRNA mice (Figure 2i-n;). Moreover, the increased levels of
the chemokine CXCL2 and the adhesion molecule ICAM-1 in the
control siRNA mice were significantly reduced by the RANKL siRNA
(Figure 20,p).

To determine if RANKL silencing reduced infiltration of immune
cells including mast cells, eosinophils, T cells, and Foxp3* Treg cells
into the nasal mucosal tissues, we used immunohistochemistry. The
counts of these cells in the nasal mucosa tissues are shown in
Figure 3 and Supporting Information Figure S1d,e. The respective
numbers of inflammatory cells including mast cells in the nasal
mucosal tissues of the AR mice were significantly greater than those
in the OVA-unsensitized mice. Histologically, mice treated with the
RANKL siRNA exhibited a decreased infiltration of inflammatory cells
compared with the control siRNA mice (Figure 3a,b and Supporting
Information Figure Sid,e). In addition, the number of Treg cells was
significantly reduced by the RANKL siRNA treatment (Figure 3a,b).

(a)
Con siRNA

3.3 | Exogenous RANKL exaggerates Th2 immune
responses in AR mice

We next determined whether RANKL alone could modulate AR
responses. Mice were challenged with RANKL (3 pg), which signifi-
cantly increased the rub scoring compared with the PBS-treated
mice (Figure 4a). Moreover, exogenous RANKL also increased the
serum concentration of IgE and histamine compared with the
PBS-treated mice (Figure 4b,c). To determine the effects of RANKL
on the Th2 cytokine levels in the serum, the levels of TSLP, IL-1f,
IL-4, IL-5, IL-10, IL-13, IL-25, and IL-33 were analysed by ELISA.
The levels of TSLP, IL-1B, IL-5, IL-10, IL-13, IL-25, and IL-33 were
significantly increased in the RANKL-treated mice, but those of
IL-4 were not (Figure 4d-k). However, RANKL did reduce serum
IFN-y, compared with the PBS-treated mice (Figure 4l). Co-challenge
with RANKL and OVA synergistically increased the AR responses
compared with the OVA-sensitized mice (Supporting Information
Figure S2).

3.4 | RANKL induces AR by increasing TSLP levels

TSLP is a key factor of AR. To evaluate whether RANKL induced AR
responses by increasing the TSLP levels, TSLP was knocked down
using TSLP siRNA in RANKL-induced AR mice. Down-regulation of
TSLP (Figure 5a) in the nasal mucosal tissues ameliorated the rub
scoring in the RANKL-treated mice (Figure 5b), and TSLP-deficient
mice produced markedly less IgE and histamine than that of the
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FIGURE 3 Knockdown of RANKL reduces infiltration of eosinophils, mast cells, and Treg cells into the AR nasal mucosa tissues. Mice were
sensitized on Days 1, 5, and 14 by i.p. injections of 100 ug of OVA emulsified in 20 mg of aluminium hydroxide, after which they received
local injections of RANKL siRNA and control siRNA, or PBS alone into the nasal cavity, and were challenged with intranasal OVA for 10 days. (a)
Nasal mucosa were stained with haematoxylin and eosin (h,e) for eosinophils, Alcian blue and Safranin O (a,s) for mast cells, and
immunohistochemical diaminobenzidine stain (for Foxp3) for Treg cells. (b) Mast cells, eosinophils, and Foxp3+ Treg cells were counted by two
individuals, after which five randomly selected tissue sections per mouse were counted. The absolute number of cells is shown as the mean + SEM.
#p < 0.05; significantly different from OVA-unsensitized mice. *P < 0.05; significantly different from control siRNA OVA-sensitized mice. Scale

bar = 100 um
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10 days. (a) The number of nose rubs that occurred 10 min after OVA or RANKL intranasal provocation. (b) IgE levels in the serum were measured
by ELISA. (c) The levels of histamine in serum were measured by a histamine assay method. (d-1) The levels of cytokines in the serum were
measured by ELISA. Data shown are the means = SEM from n = 5 mice per group. *P < 0.05; significantly different from OVA-unsensitized mice
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FIGURE 5 RANKL induces AR via increased TSLP levels. Mice were sensitized on Days 1, 5, and 14 by i.p. injections of 100 ug of OVA
emulsified in 20 mg of aluminium hydroxide, after which they received local injections of TSLP siRNA and control siRNA, or PBS alone into the
nasal cavity, and were challenged with intranasal RANKL for 10 days. (a) The number of the nose rubs that occurred 10 min after OVA intranasal
provocation. (b) IgE levels in the serum were measured by ELISA. (c) The levels of histamine in serum were measured as described. (d-h) The levels
of cytokine in the serum were measured by ELISA. Data shown are the means + SEM from n = 5 mice per group. #P < 0.05; significantly different
from OVA-unsensitized mice. *P < 0.05; significantly different from control siRNA RANKL-sensitized mice

control siRNA mice (Figure 5c¢,d). In addition, increases in the Th2 cyto-
kine levels by RANKL were significantly reduced by the TSLP siRNA
treatment (Figure 5e-h).

Production of TSLP by human mast cells is induced by RANKL. We
observed that RANKL was up-regulated in mast cells and CD4" T cells.
As shown above, the TSLP levels were reduced by RANKL siRNA, and
the RANKL-induced AR responses were inhibited by TSLP siRNA. It is
known that RANKL is expressed in activated T cells (Wong et al.,
1997), and mast cells are major effectors in AR that induce TSLP

production (Moon et al., 2011; Oh, Ryu, Cha, Kim, & Jeong, 2012).
Therefore, we investigated whether RANKL can increase inflamma-
tory immune responses by paracrine signalling in mast cells. To
determine if RANKL can regulate expression of RANK, human cord
blood-derived mast cells and HMC-1 cells were treated with RANKL
(10 ng-ml™2). Upon stimulation with RANKL, RANK protein and mRNA
expressions were clearly detected (Figure 6a and Supporting Informa-
tion Figure S3). Co-localization of RANKL and RANK was observed on

the surface of the mast cells (Figure 6a).
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FIGURE 6 RANKL induces production of TSLP from human mast cells. (a) RANK was expressed on the surface of human cord blood-derived
mast cells (Original magnification x800) and HMC-1 cells (Original magnification x800). (b) HMC-1 cells were stimulated with various
concentrations of RANKL (1, 10, and 100 ng-ml’l) for 24 hr, after which the production of TSLP in the supernatant was measured by ELISA. (c)
HMC-1 cells (3 x 10°) were stimulated with RANKL (10 ng-ml™%) for various times. The production of TSLP in the supernatant was measured by
ELISA. (d) HMC-1 cells (3 x 10°) were treated with RANKL (10 ng-ml™?) for various times, after which TSLP mRNA expression was analysed by RT-
PCR. (e) HMC-1 cells were treated with RANKL (10 ng-ml™%), RANKL neutralizing antibodies (0.5 pug-ml™%), and/or IgG isotype for 24 hr, after which
the production of TSLP in the supernatant was measured by ELISA. (f) Human cord blood-derived mast cells (HCBMC ) were treated with RANKL
(10 ng-ml’l), RANKL neutralizing antibodies (0.5 ug-ml’l), and/or IgG isotype for 24 hr, after which the production of TSLP in the supernatant was
measured by ELISA. Data shown are the means + SEM from n = 5 per group. *P < 0.05; significantly different from unstimulated cells' value.

*P < 0.05; significantly different from RANKL value

To test whether interaction of RANKL and RANK could function-
ally activate human mast cells, we stimulated HMC-1 cells for various
times with RANKL and analysed the mRNA expression of TSLP, which
leads to pathogenic inflammatory Th2 cell responses in an allergic
reaction (Jariwala et al., 2011). As shown in Figure 6b, RANKL (10
and 100 ng:ml™Y) significantly increased the production of TSLP in
aconcentration-dependent manner. Therefore, RANKL (10 ng-ml’l)
was selected to stimulate mast cells. Additionally, RANKL increased
the TSLP production in a time-dependent manner (Figure é6c). The
mMRNA expression of TSLP increased when the cells were exposed to
RANKL, reaching a plateau at 4 hr (Figure 6d). In addition, RANKL
increased the TSLP production in human cord blood-derived mast
cells, while the increased TSLP levels were significantly reduced by
anti-RANKL neutralizing antibody (Figure 6e,f).

To identify the effects of RANKL on the production of other
proinflammatory cytokines in HMC-1 cells, HMC-1 cells were treated
with RANKL (1-100 ng-ml™) for 24 hr. The production of TNF-a, IL-6,
and IL-8 was significantly increased by RANKL in a dose-dependent
manner (Supporting Information Figure S4a-c), while neutralization
of RANKL significantly reduced the production of TNF-q, IL-6, and

IL-8 compared with the RANKL group (Supporting Information Figure
S4d-f). In the presence of the anti-IgG antibody , the RANKL-induced
TSLP production was not significantly reduced, compared to the
RANKL control (Figure 6ée,f and Supporting Information Figure S4d-f).
Finally, RANKL or compound 48/80 (mast cell degranulator) induced
the release of histamine, PGD,, and LTC4 from ex vivo primary mast
cells (Supporting Information Figure S5).

3.5 | Involvement of MAPKs, NF-kB, PI3K, and
caspase-1 in RANKL-induced TSLP production

Interaction of RANKL and RANK activates many intracellular
signalling pathways. To identify the signalling pathways involved in
RANKL-induced TSLP production, we used specific pharmacological
inhibitors (PD98059, SP600125, SB203580, wortmannin, PDTC, and
caspase-1 inhibitor) targeting ERK, JNK, p38, PI3K, NF-kB, and cas-
pase-1. Notably, the increase in TSLP production induced by RANKL
was significantly blocked by PD98059, SP600125, SB203580,

wortmannin, PDTC, and caspase-1 inhibitor (Supporting Information
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Figure 7a). Additionally, SB203580, SP600125, or wortmannin almost (Figure 7i,j). However, these effects were not changed by anti-IgG
completely inhibited the RANKL-induced TSLP production (Figure 7a). antibody (Figure 7i,j).
To gain insight into the role of RANKL on PI3K, MAPKs, NF-kB, and

caspase-1 signalling, western blotting was performed. The results 3.6 | Regulatory effect of dexamethasone in

revealed that RANKL markedly increased the activation of PI3K, RANKL-induced inflammatory reactions in in vivo and
p38, JNK, and ERK within 30 min (Figure 7b-e). Moreover, RANKL in vitro models

markedly increased the activation of NF-kB and caspase-1 within
24 hr (Figure 7f-h), while neutralization of RANKL markedly sup- We showed that the RANKL/RANK system might be one of the key
pressed the activation of PI3K, p38, JNK, ERK, NF-kB, and caspase-1 signals accelerating mast cell-mediated allergic inflammatory
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FIGURE 7 Involvement of MAPKs, NF-kB, PI3K, and caspase-1 in RANKL-induced TSLP production. (a) HMC-1 cells (3x 10°) were pretreated
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responses. To further demonstrate our hypothesis, we evaluated the
effect of dexamethasone (corticosteroid) on the RANKL/RANK sys-
tems both in vivo and in vitro. The increase in rub scoring induced
by RNAKL was significantly decreased by administration of dexameth-
asone (Figure 8a), while the up-regulation of serum levels of histamine
and IgE by RANKL were significantly down-regulated by administra-
tion of dexamethasone (Figure 8b,c). In addition, dexamethasone
significantly down-regulated the levels of serum TSLP and Th2 cyto-
kines in RANKL-treated mice (Figure 8d-h). Next, we investigated
the effects of dexamethasone in RANKL-stimulated HMC-1 cells and
found that it decreased TSLP production through inhibition of PI3K,
phosphorylated ERK, and caspase-1 activation (Figure 8i,)).

4 | DISCUSSION

AR is a persistent inflammatory disease of the upper airways regulated
by a number of cytokines (Galli et al., 2012; Isobe et al., 2012). In this
study, we found that RANKL expression was up-regulated in AR
patients compared with the normal group and was strongly inducible
in both CD4" T cells and mast cells in the nasal mucosal tissues of
the AR group. In addition, we found that RANK was expressed in mast
cells and colocalized with RANKL in the mast cells of AR nasal mucosal
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tissues. Therefore, we suggest that RANKL has an important role in AR
responses by binding to RANK on the mast cell surface.

RANKL has a critical part in many inflammatory disorders and its
overexpression is related to the development of postmenopausal oste-
oporosis, rheumatoid arthritis, bone metastasis, and experimental
autoimmune encephalomyelitis (Guerrini et al, 2015; Melagraki
et al., 2018; Theill et al., 2002). In the present study, we showed that
the RANKL levels in AR patients and animals were higher than normal.
In addition, the levels of RANKL in the serum were correlated with the
severity of the AR symptoms. From this, we suggest that RANKL is an
important factor in AR.

In this study, the RANKL levels in the serum were obtained from
patients with AR that had the same sex ratio and similar ages as the
normal subjects. However, the RANKL levels in the nasal mucosa were
obtained from a higher percentage of male patients with AR. Findlay
et al. (2008) reported that the RANKL levels in female osteoarthritis
patients were higher than in male patients. Doumouchtsis et al.
(2007) reported that the levels of RANKL in male haemodialysis
patients were significantly higher than in female patients. In this study,
the difference in the RANKL levels between male and female AR
groups was not statistically significant (data not shown). Further study
is necessary in many more patients to clarify the effect of sex on levels
of RANKL in AR. In addition, we suggest that it would have been more
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FIGURE 8 Regulatory effect of dexamethasone in RANKL-induced inflammatory reactions in vivo and in vitro. Mice were treated orally with
dexamethasone (DEX; 5 mg-kg™1) for 10 days before the intranasal RANKL challenge. (a) The number of the nasal rubs that occurred in the

10 min after the RANKL intranasal provocation. Serum was isolated from blood and then assayed for (b) IgE, (c) histamine, (d) TSLP, (e) IL-1B, (f) IL-
4, (g) IL-5, and (h) IL-13. Data shown are the means = SEM from n = 5 mice per group. (i) HMC-1 cells (3 x 10°) were pretreated with
dexamethasone for 1 hr, then incubated with 10 ng-ml™* of RANKL for 24 hr. The production of TSLP was measured by ELISA. Data are
represented as the mean + SEM with n = 5 per group. (j) HMC-1 cells (3 x 10%) were stimulated with 10 ng:ml™* of RANKL for the indicated times.
The activation of PI3K, phosphorylated ERK (pERK), and caspase-1 was determined by Western blot analysis. *P < 0.05; significantly different from
the untreated group. *P < 0.05; significantly different from the RANKL-treated group
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informative to obtain serum from the same patients who provided the
nasal mucosal samples.

In our subsequent experiments, we investigated the role of
RANKL/RANK signalling in an AR mouse model through the addition
of exogenous RANKL into the nostrils of mice or deletion of RANKL
by siRNA treatment. Intranasal treatment with exogenous RANKL
increased the levels of clinical nasal symptoms, IgE, histamine, Th2
cytokines, TSLP, IL-25, IL-33, CXCL2, and ICAM-1, whereas RANKL
deficiency effectively inhibited the symptoms of clinical AR and the
production of AR-related biomarkers including TSLP. AR is character-
ized by an inflammatory infiltrate consisting of mast cells, eosinophils,
T cells, Tregs, and DCs (May & Dolen, 2017). Infiltrations of eosino-
phils and mast cells increase in response to ICAM-1 and CXCL2
(Gonzalo et al., 1996). Eosinophils have an important role in Th2-
driven immune responses (Isobe et al., 2012) and contribute to the
pathogenesis of AR by secreting eosinophil-derived neurotoxin, eosin-
ophil peroxidase, and lipid mediators (Rondon et al., 2012; Isobe et al.,
2012). In addition, eosinophils release cytokines such as IL-3, IL-5, IL-
32, granulocyte-macrophage colony-stimulating factor, proinflamma-
tory cytokines and chemokines, which have crucial roles in late phase
and on-going allergic inflammation (Jeong et al., 2011). The
CD4'CD25*Foxp3*Treg cells regulate allergic inflammation by
inhibiting inappropriate effector Th2 responses in AR (Pawankar
et al., 2011). Mast cells are mostly found in the epithelial compartment
of the nasal mucosa and are considered to be key regulators of inflam-
matory and immediate allergic reactions including AR, asthma, and
atopic dermatitis (Moon et al., 2011; Oh, Ryu, Cha, Kim, & Jeong,
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2012; Galli et al., 2012). These cells release potent inflammatory
mediators such as histamine, proteases, and cytokines and induce
eosinophilic inflammation by IgE-dependent and IgE-independent
pathways (Han et al., 2010; Galli et al., 2012). We previously reported
that mast cells produced TSLP, which increased the mast cell prolifer-
ation and allergic reactions (Moon et al., 2011; Han et al., 2014). Our
previous study also showed that the depletion of TSLP ameliorated
clinical symptoms in mice with OVA-induced AR (Nam et al., 2018).
In the present study, the silencing of RANKL significantly decreased
the number of mast cells, eosinophils, T cells, and Foxp3*Tregs in
the nasal mucosa, and TSLP deficiency markedly reduced the
RANKL-induced AR reaction. Taken together, these results suggest
that RANKL promotes allergic inflammatory reaction by inducing TSLP.

The epithelial-derived alarmins, TSLP, IL-25, and IL-33 amplify
allergic inflammation by up-regulating Th2 type inflammation (Mitchell
& O'Byrne, 2017; Wang et al., 2007). In this study, RANKL increased
the levels of Th2 cytokines, TSLP, IL-25, and IL-33, whereas it reduced
the levels of IFN-y, compared with PBS-treated mice. Collectively, our
findings support the notion that RANKL/RANK is involved in the
inflammation of AR through the induction of Th2 type immune
responses and suggest that RANKL may be a crucial mediator for
the development of AR.

Jung et al. (2014) recently reported that allergic diseases are
related to clinically meaningful reductions in bone mineral density.
As an osteoclast differentiation factor RANKL is involved in the reduc-
tion of bone mineral density and induces osteoporosis (Anderson
et al., 1997). In addition, it promotes an inflammatory reaction by an

RANKL/RANK signalling pathway contributes
to aggravated allergic inflammation
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FIGURE 9 Schematic diagram of the mechanisms involved in allergic inflammatory signalling by the RANKL/RANK system. RANKL/RANK
stimulation activates the PI3K, MAPK, caspase-1, and NF-kB signalling pathways in mast cells. Activated caspase-1 and NF-kB induces the
production and transcription of TSLP. Finally, RANKL/RANK-induced TSLP increases the allergic reactions through the up-regulation of

inflammatory mediators
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autocrine mechanism (Ock et al., 2012). In the present study, we have
shown that RANKL and RANK were co-localized on the surface of
mast cells and we detected the mRNA expression of RANK in human
mast cells. Accumulating evidence suggests that RANKL is frequently
involved in inflammatory and immune responses by inducing
proinflammatory cytokine production and is a chemotactic factor for
monocytes and neutrophils (Riegel et al., 2012; Seshasayee et al.,
2004). Blocking of RANKL by RANK-Fc protected mice from death
that was induced by sepsis and inflammation-mediated arthritis
(Seshasayee et al., 2004). Recently, RANKL was shown to induce myo-
cardial inflammation by stimulating expression of proinflammatory
cytokines, including TNF-a, IL-1, and IL-1pB (Ock et al., 2012). TSLP is
a newly discovered cytokine that has an important role in the AR reac-
tion and mast cell differentiation (Han et al., 2014). In addition, TSLP is
a regulator of Th2 responses because it promotes Th2 cytokine pro-
duction, which orchestrates allergic inflammation (Leonard, 2002). In
the present study, we showed that RANKL induced the production
of TSLP and that the neutralization of RANKL significantly decreased
TSLP production in human mast cells. Therefore, our results suggest
that RANKL accelerates allergic inflammatory reactions by increasing
TSLP production in mast cells.

The results of our studies indicate that the biochemical pathways
involved in RANKL signalling in human mast cells appear to be
mediated through the MAPKs, NF-kB, PI3K, and caspase-1 pathways.
Previous studies have shown that RANKL induces the secretion of
proinflammatory cytokines through the activation of the p38 MAPK,
JNK, ERK, and NF-kB pathways (Kim et al., 2010; Riegel et al., 2012;
Seshasayee et al., 2004). Moreover, PI3K activates intracellular cal-
cium levels, and its blocking by Wortmannin inhibits antigen-mediated
mast cell degranulation and cytokine production in both rodent and
human mast cells (Okayama et al., 2003). Furthermore, caspase-1 is
required for the release of IL-1B and TSLP in HMC-1 cells (Moon
et al, 2011). In the present study, we showed that the inhibition of
MAPKs, NF-kB, PI3K, and caspase-1 by specific inhibitors significantly
suppressed the TSLP production by mast cells, while dexamethasone
reduced the RANKL-induced inflammatory reactions in the in vivo
and in vitro models. Therefore, we suggest that RANKL signalling in
mast cells occurs through the activation of the MAPKs, NF-kB, PI3K,
and caspase-1 pathways.

In conclusion, we have described here, for the first time, that
RANKL is increased in the mast cells of AR patients and mice. We also
showed that the RANKL/RANK system is one of the key signals accel-
erating mast cell-mediated allergic inflammatory responses (Figure 9).
Therefore, RANKL/RANK signalling might be a therapeutic target for
the treatment of AR.
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