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Abstract

Background: SH-2251 inhibits IL-5 production and type2 airway inflammation in a murine bronchial asthma
model. However, the therapeutic effect of SH-2251 on allergic rhinitis (AR) has not been tested. We investigated
whether or not SH-2251 could improve the nasal symptoms and inflammation in the nasal mucosa of a murine
model of AR.

Methods: AR was induced via intraperitoneal injection of ovalbumin (OVA) followed by daily intranasal challenge
with OVA. SH-2251 (10 mg/kg) or vehicle (DMSO+Tween80) was administered orally once a day in the same period
as the nasal challenge. Nasal symptoms were evaluated by counting the number of sneezing and nasal rubbing
events on days 14, 17, 21, 28 and 35. On day 35, the levels of Il4, Il5, Il13, Ifnγ and Il1rl1 mRNA in the nasal
mucosa were examined. The histological findings were examined on day 36.

Results: The numbers of sneezing and nasal rubbing events were significantly decreased by the administration
of SH-2251. Both eosinophil infiltration and the hickness of the nasal mucosa were improved in the SH-2251-
administered mice compared that in vehicle-treated control mice. The mRNA expression of Il5, Il13 and Il1rl1 in the
nasal mucosa was significantly decreased in the SH-2251-treated group compared to the vehicle group.

Conclusion: These results suggest that SH-2251 may be a new therapeutic candidate for AR. In addition,
SH-2251 might improve the pathogenesis of type2 chronic inflammation by targeting the IL-33 signaling via the
inhibition of Il1rl1 expression.
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Introduction
Allergic rhinitis (AR) affects 10% to 40% of the world’s population

[1]. AR generally indicates nasal mucosal inflammation characterized
by IgE-mediated allergic immune responses [2]. Histologically, the
type of nasal mucosal inflammation is exudative inflammation.
Suppurative and allergic inflammation is particularly common.
Various medications have been developed to prevent or reduce the
symptom of AR such as corticosteroids, antihistamines, decongestants,
anticholinergics and leukotriene receptor antagonists [3]. However,
permanent curative medicines for AR have not been established yet.

Functionally distinct Th subsets have been reported, including Th1,
Th2, Th17 and inducible regulatory T (iTreg) cells [4-7]. The abnormal
activation of Th2 cells is responsible for allergic inflammatory diseases,
including AR [8]. Inhaled aeroallergens are captured and processed by
antigen-presenting cells and presented to Th2 cells [2]. Th2 cells can
stimulate several type2 effector responses that are hallmarks of AR;
specifically, IL-4 can promote B cell isotype class-switching to IgE. IL-5
can promote the recruitment of eosinophils, and IL-13 can stimulate
mucus hyper-secretion and airway hyper-reactivity [9].

SH-2251, a thioamide-related compound, was originally synthesized
as an inhibitor for IL-5 production. Suzuki et al. reported that SH-2251
inhibits the generation of IL-5-producing Th2 cells in vitro [10].
Furthermore, Th2-dependent airway inflammation was attenuated by
the administration of SH-2251 in a murine model of OVA-induced
bronchial asthma [10]. Gfi1, a transcriptional repressor, is required for
the induction of active histone marks on the Il5 gene locus and
subsequent differentiation of IL-5-producing Th2 cells [11]. We found
that the therapeutic effect of SH-2251 was mediated, in part, by
inhibiting Gfi1 expression.

We investigated the therapeutic effect of SH-2251 administration on
murine OVA-induced AR.

Materials and Methods

Animals
BALB/c female mice were purchased from Charles River

Laboratories Japan, Inc. (Kanagawa, Japan). All mice were maintained
in an air-conditioned room with controlled temperature (24°C) and
used at 6-8 weeks of age. All procedures were conducted in accordance
with the Guidelines for Animal Experiments at Ehime University.
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Sensitization, challenge with ovalbumin (OVA) and
administration of SH-2251

BALB/c mice were sensitized intraperitneally with 20 μg of OVA
containing 1 mg of alum as adjuvant on days 0, 7 and 14. From day 14,
the mice were challenged intranasally with 200 μg OVA in 20 μl PBS
twice a day for 3 weeks. Following sensitization and nasal challenge in
3 weeks, the mice exhibited typical symptoms of AR such as sneezing
and nasal rubbing when exposed to OVA. Sensitization was confirmed
by measuring the serum OVA-specific IgE.

SH-2251 (United States Patent No. US 7632865 B2) was synthesized
and provided by Ishihara Sangyo Kaisha, Ltd. The purity of the
SH-2251 used in the experiments was 99.1%. SH-2251 (10 mg/kg) or
Vehicle (DMSO+Tween80) was administered orally once a day from
days 14 to day 35.

The evaluation of nasal symptoms
Nasal symptoms were evaluated by counting the numbers of

sneezing and nasal rubbing events in 10 min from 10 min after the last
nasal challenge. Nasal symptoms were evaluated on days 14, 17, 21, 28
and 35.

Histology

At 24 h after the final nasal challenge, mice were anesthetized with
ketamine hydrochloride and xylazine hydrochloride. Mice were
perfused through the left ventricle of the heart with PBS followed by
4% paraformaldehyde and then their heads were removed. They were
fixed with 4% paraformaldehyde overnight at 4°C and decalcified with
0.5 M EDTA solution (pH 7.5) for 3 weeks. After dehydration with
ethanol, the samples were embedded in paraffin. The embedded
samples were cut into 3-μm-thin coronal sections by a microtome and
rinsed in d-limonene and ethanol for the removal of paraffin. The
frontal sections of the nose, including the respiratory mucosa, were
stained with hematoxylin and eosin (H & E) to evaluate the number of
eosinophils and the thickness of the nasal mucosa. Giemsa staining
was also applied to evaluate the eosinophil infiltration of nasal mucosa.
The thickness of the nasal mucosa was measured using the DP
controller software program, version 03.02 (Olympus, Tokyo, Japan) as
previously described [12].

Th2 cell differentiation in vitro

Naïve CD4 T (CD44 low CD62L high CD25 negative) cells were
prepared using a CD4+CD62L+ T cell isolation kit II
(cat#130-093-227; Miltenyi Biotec San Diego, CA, USA). Naïve CD4 T
cells (1.5 × 106 cells) were stimulated with an immobilized anti-TCR-β
mAb (3 μg/ml, H57-597; Bio Legend, San Diego, CA, USA) and an
anti-CD28 mAb (1 μg/ml, 37.5; Bio Legend) for two days under the
conditions indicated. Next, the cells were transferred to a new plate
and further cultured in the presence of cytokines for five days. The
cytokine conditions were as follows: IL-2 (10 ng/ml), IL-4 (1 ng/ml, 3
ng/ml) and anti- IFN-γ mAb (5 μg/ml, R4-6A2; Bio Legend).

Total RNA preparation

One hour after the final nasal challenge, the mice were sacrificed by
cervical dislocation and their heads were removed. They were cut
sagittally at almost the center and the mucosa of the nasal septum, the
roof of the nose, turbinate and the lateral walls were obtained. Total
RNA was isolated using the TRI Reagent (Molecular Research Center,
Inc., Cincinnati, OH, USA).

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

cDNA was synthesized using the Superscript VILO cDNA synthesis
kit (cat#11754; Thermo Fisher Scientific, Waltham, MA, USA).
Quantitative RT-PCR was performed as previously described (10),
using StepOnePlus Real-Time PCR System (Thermo Fisher Scientific,
Waktham, MA).

The specific primers and Roche Universal probes used in qRT-PCR
were as follows:

18s: 5’ GCAATTATTCCCCATGAACG’ (forward), 5’
GGGACTTAATCAACGCAAGC 3’ (reverse), probe #48

Il4: 5’ CCTGCTCTTCTTTCTC 3’ (forward), 5’
CACATCCATCTCCGTG 3’ (reverse), probe #92

Il13: 5’ CGTTGCACAGGGGAGTCT 3’ (forward), 5’
CCTCTGACCCTTAAGGAGCTTAT 3’ (reverse), probe #17

Ifnγ: 5’ ATCTGGAGGAACTGGCAAA 3’ (forward), 5’
TTCAAGACTTCAAAGAGTCTGAGGTA 3’ (reverse), probe #21

Il1rl1: 5’ GGCCAGAACAAACACCTGTC 3’ (forward), 5’
GACCTGTTACCTGGGCAAGAT 3’ (reverse), probe #31

Il1rap: 5’ CATCCATCTGGTCGCT 3’ (forward), 5’
AAATACCACAGAAGTC 3’ (reverse), probe #3

Il5 (#17621 C7; Applied Bio systems)

Statistical analyses
Student’s t-test was performed for the statistical analyses.

Differences with P-value of less than 0.05 were considered significant.

Results

Nasal symptoms of AR were attenuated by SH-2251
administration

A schematic representation of experimental schedule is shown in
Figure 1. In brief, mice were sensitized intraperitoneally with OVA on
days 0, 7 and 14. From day 14, the mice were challenged intranasally
with OVA twice a day for 3 weeks. Although no sneezing was observed
on days 14 and 17, the mice exhibited typical symptoms of AR, such as
sneezing and nasal rubbing when exposed to OVA after 3 weeks nasal
OVA challenge (Figure 2). The numbers of sneezing (Figure 2A) and
nasal rubbing (Figure 2B) events were significantly reduced by
SH-2251 administration compared to vehicle-treated control mice.
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Figure 1: Design of an experiment for assessing allergic rhinitis in a
murine model. A schematic representation of the experimental
schedule is shown here.

Figure 2: The effect of SH-2251 administration on the nasal
symptoms of allergic rhinitis. The numbers of sneezing (A) and
nasal rubbing (B) events within 10 min after the last intranasal
OVA-challenge are indicated. Nasal symptoms were evaluated on
days 14, 17, 21, 28 and 35 (mean ± SD, n=11 per group). *P<0.05,
**P<0.01 (Student’s t-test).

SH-2251 suppressed the eosinophil infiltration and the
swelling of the nasal mucosa in AR mice

Next, we assessed the effect of SH-2251 administration on the
infiltration of eosinophils and the swelling of the nasal mucosa in AR
mice. Representative images of H & E staining (upper panel) and
Giemsa staining (lower panel) of the nasal septum of SH-2251-treated
or vehicle-treated mice on day 36 are shown in (Figures 3A). We
conducted measurements at five different sites of the nasal septum,
lateral walls and the nasal turbinate of bilateral nasal cavity to assess
the effect of SH-2251 administration on eosinophil infiltration (Figure
3B left panel) and the thickness of the nasal mucosa (Figure 3B right
panel). Both the eosinophil infiltration and the thickness of the nasal
mucosa were significantly lower in the SH-2251-treated mice than in
vehicle-treated control mice.

Figure 3: The effect of SH-2251 administration on the eosinophil
infiltration and swelling of the nasal mucosa. (A) Representative
images of H & E (upper) and May-Giemsa stains of the nasal
septum of SH-2251- or vehicle-treated AR mice. (B) The number of
infiltrated eosinophils in the nasal mucosa (left) and thickness of
the nasal (right) are shown (mean ± SD, n=6 per group). *P<0.05,
**P<0.01 (Student’s t-test).

The expression of Il5 and Il13 mRNA at the nasal mucosa of
AR mice was reduced by SH-2251 administration

Next, we assessed the effect of SH-2251 administration on the Th2
cytokine mRNA expression at the nasal mucosa in AR mice by qRT-
PCR. We previously reported that the differentiation of IL-5-producing
Th2 cells and IL-5 production was inhibited by SH-2251 treatment
[10]. As expected, the expression of Il5 mRNA in the nasal mucosa of
the SH-2251-treaated group was significantly decreased compared to
the vehicle group (Figure 4). Furthermore, the Il13 mRNA level was
also decreased by SH-2251 administration, whereas the Il4 mRNA
level was moderately increased (Figure 4). The expression of Ifnγ
mRNA was not affected by SH-2251 administration.

Figure 4: SH-2251 inhibits the Il5 and Il13 mRNA expression in the
nasal mucosa of AR mice. The expression of Th2 cytokine (Il4, Il5,
Il13) and Ifnγ mRNA in the nasal mucosa was determined by qRT-
PCR. The results are shown as the relative intensity with ribosomal
18s RNA (mean ± SD, n=11 per group). **P<0.01 (Student’s t-test).

SH-2251 inhibited the expressions of Il1rl1 mRNA
Recently, it was reported that IL-33 plays an important role in the

pathogenesis of eosinophilic inflammation including AR [13,14].
Therefore, we next assessed the effect of SH-2251 on the expression of
the IL-33 receptor. The receptor for IL-33 is composed of two proteins:
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IL-1rl1 and the IL-1r accessory protein (Il1rap) [15]. We found that the
expression of Il1rl1 mRNA in the nasal mucosa of SH-2251-treated
mice was significantly decreased compared to the vehicle group
(Figure 5A). To confirm the inhibitory effect of SH-2251 on Il1rl1
mRNA expression, we cultured splenic naïve CD4 T cells under Th2
conditions in the presence or absence of SH-2251 for 5 days, and
mRNA expression was determined by as shown in Figure 5B. The
expression of Il1rl1 mRNA in Th2 cells was inhibited by SH-2251
treatment. In sharp contrast, the expression of Il1rap was unaffected by
SH-2251 treatment.

Figure 5: SH-2251 inhibits the Il1rl1 mRNA expression in vivo and
in vitro. (A) The expression of Il1rl1 mRNA in the nasal mucosa
was determined by qRT-PCR. The results are shown as the relative
intensity with 18s ribosomal RNA (mean ± SD, n=11 per group).
**p<0.01 (Student’s t-test). (B) The expression of Il1rl1 mRNA in in
vitro differentiated Th2 cells was determined by qRT-PCR. Splenic
naïve CD4 T cells were prepared and cultured under Th2 conditions
for 5 days in the presence or absence of SH-2251 (100 nM). The
results are shown as the relative intensity with 18s ribosomal RNA
(mean ± SD, n=3). **P<0.01 (Student’s t-test).

Discussion
It has been proposed that the symptoms of AR, such as rhinorrhea,

sneezing and nasal obstruction, follow an early-phase reaction caused
by histamine induced from mainly by mast cells in the first few
minutes after antigen exposure. In addition, at more than 6 h after the
challenge, nasal obstruction following swelling of the nasal mucosa
results from the late-phase reaction caused by Th2 cytokines, various
chemical mediators and chemokines [1]. In the present study, sneezing
and nasal rubbing right after the last nasal challenge were attenuated
by the administration of SH-2251. The reduced number of sneezing
and nasal rubbing events indicates mitigation of the early-phase
reaction. In addition, the infiltration of eosinophils and swelling of the
nasal mucosa at 24 h later were also attenuated by the administration
of SH-2251. The improvement of these histological findings indicates
that the late-phase reaction was also mitigated. These results suggest
that the administration of SH-2251 attenuates not only the early-phase
reaction but also the late-phase reaction in AR.

Targeting the IL-5 seems to be the most obvious approach to
selectively inhibiting eosinophilic inflammation, since IL-5 is the key
cytokine responsible for the maturation, recruitment, activation and
degranulation of eosinophils [16]. Humanized neutralizing
monoclonal antibodies against IL-5 have been developed for the
treatment of severe eosinophilic asthma [17]. Mepolizumab, a

humanized monoclonal antibody against IL-5, showed a significant
reduction in the annualized exacerbation rate compared with the
placebo group in severe asthmatic patients [18]. In addition,
Mepolizumab showed safe glucocorticoid-sparing effects in patients
with oral steroid-dependent asthma [19]. These promising results were
confirmed in large phase III trials [20-22]. In this study, we
demonstrated the inhibitory effect of SH-2251 on the Il5 expression
and eosinophilic infiltration in the mucosa of AR mice. Therefore, it is
possible that SH-2251 has safe glucocorticoid-sparing effects in
eosinophilic allergy patients.

Recently, the important role of mucosal epithelial cell-derived
cytokine such as IL-25 and IL-33 in the induction of type 2 immune
diseases has been reported [23,24). Eosinophilic chronic rhinosinusitis
(ECRS) was summarized as an entity of intractable chronic sinus
inflammation accompanied by the infiltration of numerous activated
eosinophils in the paranasal sinus mucosa and/or nasal polyps [25,26].
Several reports have shown that IL-33 plays a key role in the
development of ECRS [27,28). In addition, the involvement of
pathogenic Th2 (Tpath2) cells in the pathogenesis of ECRS was
proposed [28,29]. Tpath2 cells are characterized by the expression of
IL-33 receptor (Il1rl1) and ability to produceIL-5 [29]. We
demonstrated that the expression of Il1rl1 was also decreased by the
administration of SH-2251. Therefore, it is possible that SH-2251 may
inhibit the generation of Tpath2 by inhibiting Il1rl1 and Il5 expression.

Taken together, our current findings suggest that SH-2251 may be a
new therapeutic candidate for not only AR but also severe eosinophilic
inflammatory diseases.
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