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Allergic rhinitis (AR), one of the most common inflammatory diseases, is caused by immunoglobulin
E (IgE)-mediated reactions against inhaled allergens. AR involves mucosal inflammation driven by
type 2 helper T (Th2) cells. Previously, it was shown that the Streptococcus pneumoniae pep27 mutant
(Apep27) could prevent and treat allergic asthma by reducing Th2 responses. However, the
underlying mechanism of Apep27 immunization in AR remains undetermined. Here, we investigated
therole of Apep27 immunization in the development and progression of AR and elucidated potential
mechanisms. In an ovalbumin (OVA)-induced AR mice model, Apep27 alleviated allergic symptoms
(frequency of sneezing and rubbing) and reduced TLR2 and TLR4 expression, Th2 cytokines, and
eosinophil infiltration in the nasal mucosa. Mechanistically, Apep27 reduced the activation of the
NLRP3 inflammasome in the nasal mucosa by down-regulating the Toll-like receptor signaling
pathway. In conclusion, Apep27 seems to alleviate TLR signaling and NLRP3 inflammasome
activation to subsequently prevent AR.
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Introduction

Allergic rhinitis (AR) is a significant health problem worldwide, and the incidence rate has increased over the
past decades [1]. AR symptoms interfere with sleep, leading to a decrease in quality of life [2] and collapse in
productivity and social functioning [3]. Patients with severe AR also have signs of significant anxiety, depression,
and fatigue. AR has increased compared to the other allergic diseases including asthma and atopy [4]. The current
therapeutic regimen does not cure AR but relieves it temporarily. Therefore, there is a need for the development of
more effective treatment options. Nowadays, allergen-specific immunotherapy (AIT), which targets key
molecules driving the Th2 response, is already used in the clinic, and a wave of novel drug candidates is under
development [5]. AIT exhibits efficacy but is limited by high costs and time in AR clinical trials.

AR is mediated by Th2 cells, which release IL-4, IL-5, and IL-13. These cytokines lead to a series of events
promoting B cell iso-type conversion with subsequent local and systemic allergen-specific IgE antibody production
by plasma B cells and eosinophilic infiltration into the nasal epithelium [6]. Crosslinking of IgE, which is bound to
mast cells by allergens, in turn, causes the release of mediators such as histamine and leukotriene, which are
responsible for artery expansion, increased vascular permeability, itching, rhinorrhea, and mucous secretion [1].

Inactivated wild type pneumococci was reported to alleviate ovalbumin (OVA)-induced asthma [7]. However,
due to the lethal nature of the wild type pneumococci, there could be some potential side effects of even the
inactivated form. Moreover, specific TLR agonists might differentially activate innate immunity and induce AR
and asthma in the nose and lungs, respectively. House dust mite (HDM)-derived B-glucans could activate TLR2
but not TLR4 and trigger AR in the nasal mucosa. However, the TLR4 agonist lipopolysaccharide (LPS) induces
TLR4 expression rather than that of TLR2 and results in elicitation of asthma. Thus, each TLR pathway could
contribute distinctively to innate immunity in nose and lung mucosa [8].

Apep27 is a non-toxic attenuated pep27 mutant strain of pneumococcus. Previously, we reported the effect of
the Apep27 immunization in a mouse model of asthma in reducing Th2 related responses [9]. Moreover, Apep27
relieved asthma symptoms by reducing serum IgE and Th2-related cytokine secretion in the lung [9]. Apep27 was
found to have non-invasive properties that inhibit autolysis and do not penetrate into the lungs, blood, or brain
during infections in mice [10]. It has also been shown to provide serotype-independent protection that-the
currently available vaccines do not [11]. Thus, Apep27 immunization has an anti-allergic and anti-inflammatory
effect. Recently, the need for mucosal vaccines has become recognized. In particular, nasal mucosal vaccines have
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several advantages, including lack of needle injury, the convenience of vaccination, economic production, and
induction of local immune responses [12-14]. However, it remains unknown whether the nasal Apep27
immunization inhibits allergic response in the nasal cavity. Therefore, this study aims to determine whether
Apep27 can relieve allergic symptoms in the OVA-induced AR model by regulating the AR-related Th2 response,
and whether it has the potential to be used as an AR-preventive vaccine.

Materials and Methods

Bacterial Strains

The THpep27 bacterial strain (Apep27) used in this work [15] was cultured at 37°C overnight on 5% sheep
blood agar plates with 3% Todd-Hewitt broth (Difico Laboratories, BD, France) and 0.5% yeast extract (Difco
Laboratories) and then grown in THY (3% Todd-Hewitt broth with 0.5% yeast) at 37°C. All media were sterilized
by autoclaving at 121°C for 15 min.

Animals

Five-week-old Female BALB/c mice (Orient, Korea) were maintained under specific pathogen-free conditions
with a 12 h dark/light cycle at room temperature, and allowed food ad libitum. The Sungkyunkwan University
Animal Ethical Committee approved the use of animals in this study following the Korean Animal Protection Law
(SKKUIACUC2020-04-13-2).

Apep27 Immunization
Before developing nasal inflammation, mice received 1 x 10° CFU of Apep27 or PBS per animal to assess the
preventive effect. Apep27 was suspended in 50 pul of PBS and administered intranasally once a week for three weeks.

OVA-Induced AR Model

Sensitizations were performed on days 0 and 7. Mice were sensitized intraperitoneally to ovalbumin (OVA:
chicken egg albumin, grade V, Sigma-Aldrich, USA) absorbed with 2 mg aluminum hydroxide (Alum: Sigma-
Aldrich, USA) in 100 pl saline (0.9% NaCl, Dynebio, Korea) for rhinitis, while the negative control group was treated
with saline only. One week after the last sensitization, mice were challenged every day from day 35 to 41 by intranasal
(LN.) administration with 100 ug OVA in 20 pl saline or saline only (Fig. 1). The mice were euthanized with CO,.

Nasal Symptom Scores and Sample Preparation

AR symptoms (sneezes and nasal rubbing) were observed for 10 min on day 41, immediately after the last OVA
challenge. Mice were sacrificed after 24 h and serum was collected to measure IgE levels. The mouse nasal mucosa
was carefully scraped off with a curette.

Splenocyte Isolation

Mice were immunized with 1 x 10° CFU of Apep27 or PBS intranasally once a week for three weeks. After the last
immunization, mice were sensitized with OVA once a week for two weeks, and one week after the last
sensitization, mice were challenged with OVA once a day for three days. Spleens were harvested one day after the
last OVA challenge and isolated splenocytes were treated with OVA (10 pg/ml) to stimulate Th2 responses. After
72 hincubation, culture media were harvested to determine cytokine levels.
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Fig. 1. Apep27 relieves AR symptoms, and represses total and OVA-specific IgE in an OVA-induced AR
model. (A) Schematic diagram of the OVA-induced AR experiment using Apep27 immunization. (B) The frequency of nasal
rubbing and sneezing after the final challenge was assessed by counting for 10 min. (C) The total IgE and OVA-specific IgE
levels in serum were determined by ELISA. Three independent experiments were performed, and the data are presented as the
mean + SEM, *p < 0.05, **p < 0.001, ns; not significant. A representative of 3 independent experiments was analyzed with one-
way ANOVA (Bonferroni’s Multiple Comparison Test).
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Determination of Total IgE and OVA-Specific IgE

Serum samples were collected 24 h after the last OVA challenge. Total IgE and OVA-specific IgE were
determined using an enzyme-linked immunosorbent assay (ELISA) kit (Total IgE Mouse Uncoated ELISA kit,
Invitrogen, USA, OVA-specific IgE, Legend Max, USA) according to the manufacturer’s instructions.

Determination of Cytokine Levels
The splenocyte supernatant was analyzed for the concentration of IL-4 (#¥M4000B), IL-5 (#M5000), and IL-13
(#M1300CB) using ELISA kit (R&D system, USA) following the manufacturer’s instructions.

Hematoxylin-Eosin (H&E) Staining

Nasal cavities were collected 24 h after the last OVA administration, fixed in 4% formalin solution, and then
placed in a paraffin block. The tissue was embedded with paraffin and cut into 2 pm sections (KNOTUS, Korea),
stained with hematoxylin-eosin, and then observed under an optical microscope (Olympus. BX53, Japan). The
image was observed at 40X magnification. We prepared one slide per each mouse sample and examined them
carefully. After evaluation of each slide, a representative slide per group was selected and used for statistical analysis.

Real-Time qPCR

Total mRNA was extracted from the nasal mucosa using Trizol (Ambion, USA) and an EcoDry Premix kit
(Takara, Japan) was used to synthesize complementary DNA (cDNA). gPCR was performed according to the
manufacturer’s instructions (Applied Biosystems, USA) using the primers (Table 1). The amplification conditions
were as follows: 95°C/15 sec, 40 cycles of 95°C/15 sec, 55°C/30 sec, and extension 72°C/30 sec; followed by melting
curve analysis comprising 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec.

Protein Extraction and Western Blot

One day after the last OVA challenge, the nasal mucosa was gently scraped off with a curette and homogenized
in a homogenizer (PRO Scientific Inc., Model 200 Double insulated, USA) in M-PER™ Mammalian Protein
Extraction Reagent (Thermofisher, USA). Total protein concentrations were measured with a bicinchoninic acid
assay (BCA) kit (Thermofisher). Protein samples were loaded onto SDS-PAGE using a 4-15% gradient gel and
transferred to polyvinylidene fluoride membranes using Trans-Blot Turbo (Bio-Rad Laboratory, USA). After
transfer, the membrane was blocked at room temperature with 5% skim milk in Tris-buffered saline with Tween-
20 (TBS-T) and then probed with an appropriate antibody in TBS-T containing 5% skim milk overnight.
Antibodies against TLR2 (#13744), TLR4 (#14358), p-IkBa (#2859), p-p65 (#3033), p65 (#8242), NLRP3
(#15101), caspase-1 (#24232), cleaved caspase-1 (#89332), and IL-1P (#12426) were from Cell Signaling
Technology (USA), TLR5 (#ab62460) from Abcam (UK), TLR9 (#NBP2-24729) from Novus Biologicals (USA)
and B-actin (#sc-47778) was from Santa Cruz Biotechnology (USA). The secondary antibody was an anti-mouse/
rabbit immunoglobulin G antibody conjugated with horseradish peroxidase (HRP) with 5% skim milk in TBS-T,
followed by detection using Clarity Max Western ECL Substrate (Bio-RAD with a Chemiluminescence Imaging
System (FluorChem E., USA). To measure band intensity, AlphaView SA program was used.

Statistical Analysis

Comparisons of symptoms score, eosinophil counts, cytokine levels, and IgE levels were analyzed with one-way
analysis of variance (ANOVA) using Graph Pad Prism software (version 5, Graph Pad Software Inc, USA). Data
are presented as an average of triplicate wells + SEM. Statistically significant differences were defined as *, p < 0.05;
9 <0.01; %, p < 0.001 and ***, < 0.0001.

Results

Apep27 Immunization Protects OVA-Induced AR

AR is commonly characterized by IgE-mediated hypersensitivity reactions such as sneezing and nasal itching
[16]. OVA is used as an allergen test since it's immunological effect on allergy is well characterized. To assess the
effect of Apep27 immunization on OVA-induced AR, a mouse model was established by intraperitoneal injection
(sensitization) using OVA/alum and subsequent intranasal challenge with OVA (Fig. 1A). Allergic symptoms
were scored by counting sneezing and rubbing in each group for 10 min after the last OVA challenge. In the normal
control group, sneezing occurred 5 times and rubbing occurred 4 times, whereas, in the AR model, sneezing and
rubbing were increased to 58 times and 15 times, respectively. In contrast, the number of sneezes in the
immunized group was reduced significantly from 58 to 18, and the number of rubbings was also significantly
reduced from 15 to 6 (Fig. 1B). The total IgE and OVA-specific IgE levels in serum were significantly increased in
the OVA group. However, Apep27 immunization significantly reduced both total IgE (78% less than the OVA
group) and OVA-specific IgE (85% less than the OVA group) (Fig. 1C). Thus, Apep27 immunization significantly
alleviates AR symptoms and allergic IgE levels.

Reduced Eosinophil and Th2 Responses by Apep27

Eosinophil infiltration and the Th2 immune response have been proposed as one of several mechanisms
underlying AR development and regulation [17]. Hematoxylin-eosin (H&E) staining was performed to investigate
the inflammatory response in the nasal mucosa (Fig. 2A). This showed that in the AR model after OVA challenge, an
average of 103 eosinophils was detected, compared to an average of 5 in the normal controls. Apep27 immunization
significantly reduced eosinophil penetration into the nasal turbinate mucosa by an average of 31 (Fig. 2B).
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When transcripts of cytokines associated with AR in the nasal mucosa were measured by qPCR, Th2-
dependent IL-4, IL-5, and IL-13 transcripts were significantly increased by OVA challenge compared to the
normal control, while Apep27 immunization decreased these transcripts by 50%, 65%, and 52%, respectively,
compared to the OVA group (Fig. 3A).

To further corroborate Apep27-dependent Th2 inhibition in the spleen, IL-4, 5, and 13 levels in murine
splenocytes were examined with or without Apep27 immunization. When splenocytes were treated with OVA,
Th2 cytokines significantly increased in the supernatant of splenocyte culture. However, when Apep27
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Fig. 2. Apep27 immunization suppresses eosinophil infiltration into the nasal mucosa. (A) H&E staining for
eosinophils in the nasal cavity with 4X magnification. (B) H&E staining for eosinophils in (A) with the boxed region was shown
with 40X magnification, scale bar = 20 um. (C) The number of eosinophils in the nasal mucosa. P-value was calculated by one-way
ANOVA and expressed as mean + SEM, *p < 0.05, ***p < 0.001, ns; not significant (Bonferroni’s Multiple Comparison Test).
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Fig. 3. Apep27 immunization inhibits Th2-dependent cytokines in the nasal mucosa. (A) Th2 cytokines in the
nasal mucosa were determined by qPCR. (B) Production of Th2 cytokines in splenocyte supernatant was analyzed by ELISA.
Values are presented as the mean + SEMs (n = 9 per group). p-value was calculated by one-way ANOVA and expressed as mean
+ SEM, **p < 0.01, ****p < 0.0001, ns; not significant (Tukey’s Multiple Comparison Test).
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immunized splenocytes were challenged with OVA, Th2-related inflammatory cytokines were significantly
reduced compared to those treated with OVA only (Fig. 3B), demonstrating that Apep27 significantly reduces
OVA-induced AR.

Apep27 Immunization Downregulates the Toll-Like Receptors Pathway.

TLRs signaling is activated during AR development, and subsequently results in nuclear factor-xB (NF-«B)
activation and inflammatory gene transcription [18]. In AR patients, TLR9 expression and IL-6 production were
increased in basophils [19]. Moreover, TLR agonists with anti-allergic effects such as TLR4 and TLR9 agonists are
under clinical trials. Other TLR agonists such as TLR2, TLR5, and TLR7 agonists have shown anti-allergic effects
in animal studies [20]. Thus, to explore the underlying mechanism of Apep27 immunization in AR prevention,
nasal mucosa samples were collected for mRNA analysis. When TLR transcripts levels were quantified by qPCR,
OVA treatment increased TLR transcription significantly, whereas Apep27 decreased transcription of TLR 2, 5,
and 9 significantly by 55%, 23%, and 17%, respectively, compared to the OVA control (Fig. 4A).

Western blot was used to further investigate TLR expression at the protein levels. OVA treatment significantly
induced TLR expression, whereas Apep27 immunization decreased TLR2 and 4 compared to the OVA control.
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Fig. 4. Apep27 immunization represses the TLR pathway in the nasal mucosa. (A) mRNA and (B, C) protein levels
were detected by qPCR and Western blot analysis, respectively. Values are presented as the mean + SEMs (1 = 3 per group), *p <
0.05, **p < 0.01, ***p < 0.001, ns; not significant (Tukey’s Multiple Comparison Test).

Table 1. The gene-specific primers used in this study.

Gene Primer sequence (5'>3’)
1L-4 5 -AGATGGATGTGCCAAACGTCCTCA -3’
5 -AATATGCGAAGCACCTTGGAAGCC-3
IL-5 5 -GCTTCTGCACTTGAGTGTTCTG-3
5 -CCTCATCGTCTCATTGCTTGTC-3
IL-13 5 -TGAGGAGCTGAGCAACATCACACA-3’
5 -TGCGGTTACAGAGGCCATGCAATA-3’
IL-1B 5-TGTGAAATGCCACCTTTTGA-3’
5-GTGCTCATGTCCTCATCCTG-3’
TLR2 5-ACAGCAAGGTCTTCCTGGTTCC-3
5-GCTCCCTTACAGGCTGAGTTCT-3’
TLR4 5-TGGCTGGTTTACACATCCATCGGT-3
5-TGGCACCATTGAAGCTGAGGTCTA-3
TLR5 5-AGCATTCTCATCGTGGTGG-3’
5-AATGGTTGCTATGGTTCGC-3
TLR6 5 -TGGATGTCTCACACAATCGG-3’
5 -GCAGCTTAGATGCAAGTGAGC-3
TLR9 5 -TATCCACCACCTGCACAACT-3
5 -TTCAGCTCCTCCAGTGTACG-3’
NLRP3 5 -TGCTCTTCACTGCTATCAAGCCCT-3’
5 -ACAAGCCTTTGCTCCAGACCCTAT-3
GAPDH 5-TCAACAGCAACTCCCACTCTTCCA-3

5-ACCCTGTTGCTGTAGCCGTATTCA-3’
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Fig. 5. Apep27 immunization inhibits NLRP3 inflammasome activation. (A) mRNA levels of NLRP3 and IL-1f in
nasal mucosa were measured by qPCR. (B) Protein levels of NLRP3, caspase-1, cleaved caspase-1, p-IkB-a, and IL-1f in nasal
mucosa were measured by Western blot (1 = 6 per group). P-value was calculated by one-way ANOVA and expressed as mean +
SEM *p <0.05, **p < 0.01 and **p < 0.001, N.S; not significant (Tukey’s Multiple Comparison Test).

However, the TLR5 level did not differ between the Apep27 group and the OVA group. Furthermore, the protein
level of NF-«B, which is activated by the TLR pathway, was significantly increased by OVA treatment, but the NF-
KB signaling pathway was significantly repressed by the immunization (Fig. 4B). These results indicate that the
TLR signaling pathway is downregulated by the Apep27 immunization.

Apep27 Decreased NLRP3 Inflammasome Activation.

The NLRP3 inflammasome, which is composed of NLRP3, ASC (adaptor protein called apoptosis-associated
speck-like protein containing a CARD), and pro-caspase-1, is currently the most extensively studied intracellular
receptor, and its expression is increased upon TLR stimulation. In addition, NLRP3 inflammasome activation is
increased in the nasal mucosa of both AR patients and AR mice [21]. Therefore, we investigated whether TLR
repression by Apep27 immunization can inhibit the NLRP3 inflammasome to reduce AR. When the mRNA level
of NLRP3 in the nasal mucosa was measured by qPCR, the NLRP3 transcript was increased in OVA-induced mice
compared to the normal control. However, the immunization decreased this to 40% of the OVA group (Fig. 5A).
Since NLRP3 inflammasome activation increases inflammatory cytokines such as IL-1f [22], the mRNA level of
IL-1p in the nasal mucosa was measured by qPCR. Results showed that IL-1{ transcript was decreased by Apep27
to 47% of the OVA group (Fig. 5A). In addition, when the protein levels of inflammasome-related factors were
quantified by Western blot, NLRP3, caspase-1, cleaved caspase-1, and IL-1B levels were induced by OVA
treatment, whereas these parameters were significantly decreased by Apep27 immunization by 37%, 48%, 21.5%,
24%, respectively, in the OVA group (Fig. 5B) suggesting inhibition of NLRP3 inflammasome activation by
Apep27 immunization.

Discussion

Mice immunized with Apep27 before OVA exposure showed a significant decrease in sneezing and rubbing,
serum total and OVA-specific IgE levels compared to mice exposed only to OVA. Histological analysis showed
that Apep27 intranasal immunization reduced eosinophil infiltration into the nasal mucosa. Thus, intranasal
immunization of Apep27 could successfully inhibit the development of AR.

Cell-mediated immunity is classified into 3 types: Type 1 immunity comprises T-bet” IFN-y-producing Th1 cell
and mediates inflammation and autoimmunity. Type 2 immunity consists of GATA3" Th2 cells and mediates
allergy by producing IgE antibody as well as IL-4, IL-5, and IL-13. Type 3 immunity is composed of RORyt
(retinoic acid-related orphan receptor yt') Th17 cells and produces IL-17 and/or IL-22, which are involved in
inflammation and autoimmunity [23]. IL-4 and IL-13 promote IgE production, and IL-5 induces eosinophil
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differentiation, activation, and survival [24, 25]. Therefore, down-regulation of these Th2 cytokines may reduce
IgE secretion and ultimately ameliorate AR. In this study, Apep27 immunization prior to allergen exposure
significantly decreases Th2 cytokine secretion in the nasal mucosa when compared with the AR control.
Additionally, in splenocyte supernatants, OVA challenge significantly increased protein levels of IL-4, 5, and 13
compared to the control group, whereas Apep27 immunization mitigated this induction.

Activation of some TLRs results in sensitizations and disruption of tolerance, but activation of some members
of this family may promote tolerance to harmless allergens [26]. TLR is a new and promising target for allergen
immunotherapy. Several studies have shown an association between TLRs and AR. When the TLR signaling
pathway is activated in OVA-induced allergic inflammation mice, pro-inflammatory cytokines such as IL-1f are
secreted by the induced NF-kB [27, 28]. Some TLR agonists decrease Th2 responses and relieve allergic diseases;
for instance, TLR2 and TLR4 agonists can alleviate asthma symptoms [26, 29]. On the other hand, some TLR4
agonists, such as lipopolysaccharide (LPS), make the disease worse [30]. Moreover, TLR2, 6, and 9 agonists given
before allergen challenge markedly inhibited early and late phase reactions of allergic diseases [31-33]. Intranasal
administration of TLR7 [26] and TLR8 [34] agonists improved AR as therapeutics. Several receptors on immune
cells respond to bacterial invasion by recognizing bacterial cell wall components. TLR2 recognizes peptidoglycan,
lipopeptides, and lipoteichoic acid from S. pneumoniae [35, 36]. TLR4 recognizes phosphorylcholine and the
exotoxin pneumolysin in S. pneumoniae [37, 38], although the results are conflicting. In addition, TLR2 and TLR4
are known to be involved in controlling S. pneumoniae infection and play a partially overlapping role. A recent
study by us and others showed that a component of S. pneumoniae worked as an immunoregulatory therapy for
allergic diseases. Intranasal immunization with Apep27 reduced inflammatory cytokine secretion and serum IgE
in the lung of the OVA-induced asthma model [9]. Moreover, pneumococcal protein conjugate vaccine (PCV) and
pneumococcal polysaccharide vaccine (PPV) administered before or after allergen sensitization effectively
inhibited the allergen-specific Th2 response and enhanced induction of Treg cells in an in vivo model of AR [39].
Our results revealed that OVA challenge significantly increased TLR2, 4, 5, and 9 transcription in the nasal
mucosa, whereas Apep27 immunization decreased TLR2, 5, and 9 transcripts. TLR2 and 4 protein levels in the
nasal mucosa of the immunized group were significantly reduced compared to those of the OVA group.
Furthermore, the protein level of NF-«B elicited during the TLR activation was also significantly reduced. These
results indicate that TLR inhibition by Apep27 mainly alleviates NLRP3 inflammasome activation and contributes
to mitigate OVA-induced AR. These results suggest that immune tolerance can be elicited by attenuated
pneumococcal components, and some components of Apep27 might inhibit TLR activation by inducing immune
tolerance on the nasal mucosa.

NE-kB also has a role in regulating the activation of inflammasomes [40], as NF-«B signaling activation
upregulates the expression of the inflammasome component NLRP3 and pro-inflammatory cytokines [41]. Once
activated, NLRP3 oligomerizes and recruits an ASC, forming a complex and activation of the caspase-1 protease.
When NLRP3 inflammasome was activated, caspase-1 cleaves the pro-inflammatory cytokines such as IL-1 and
IL-18 [42], mediating the secretion of inflammatory cytokines [43]. Thus, NLRP3 seems to play some role in the
development of AR, and may be a target for AR therapy. An interaction between TLRs and NLRP3 was observed
upon Apep27 immunization. Our results indicate that the Apep27 immunization markedly reduced NLRP3 and
IL-1p expression at mRNA and protein levels. In addition, in the nasal mucosa, both pro-caspase-1 and cleaved
caspase-1 were reduced by Apep27 immunization. Based on these studies, NLRP3 protein seems to play an
important role in Th2 mediated OVA-induced AR. Exposure of type 2 cells to IL-1p enhances Th2 differentiation
at the early stage and induces IL-13 gene transcription in Th2 cells but decreases IL-4 differentially, resulting in
induction of inflammatory Th2 response [44, 45]. Thus, inhibition of TLR signaling followed by lower IL-1{ level
can result in attenuated IL-1f priming and subsequent reduction of allergic response.
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Fig. 6. Apep27 immunization negatively regulates NLRP3 inflammasome activation. NF-«B is translocated to
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with Apep27 in the nasal mucosa reduces the Th2 response.
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Moreover, we demonstrated already that Apep27 immunization could elicit Th1, Th17, and Treg upregulation
but Th2 downregulation, whereas OVA-induced asthma model showed downregulation of Th1, Th17, and Treg
and upregulation of Th2 response [9].

TLR activation leads to pro-inflammatory responses [46]. In OVA-induced asthma model, Apep27 immunization
induces anti-inflammatory Treg transcription factor Foxp3, and represses allergic Th2 transcription factor
(GATA-3). Subsequently, Apep27 immunization represses Th2 specific allergic cytokines such as IL-4, IL-5, and
IL-13 in the bronchoalveolar lavage fluid (BALF). Moreover, Apep27 immunization inhibits secretion of
inflammatory cytokine TNF-a thus helps to maintain homeotic milieu during allergic environment [9]. Thus,
Apep27 immunization seems to induce anti-inflammatory Treg and subsequently repress inflammatory TLR
activation and result in attenuation of allergic IgE as well as Th2 specific cytokines.

Collectively, pneumococcal Apep27 can downregulate TLR2 and TLR4, Th2 cytokines, and inflammatory cell
infiltration in the nasal mucosa, thus suppressing NF-«B activation and NLRP3 inflammasome activation in the
nasal mucosa possibly via repressed Th2 responses (Fig. 6). Together, our results demonstrate that Apep27
intranasal immunization could be used as a mucosal vaccine in patients with AR.

Acknowledgments

This work was supported by the National Research Foundation grant (NRF-2018R1A2A1A05078102) and the
Technology development Program of MSS (53201794). The funding body played no role in the study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References

1. Small P, Keith PK, Kim H. 2018. Allergic rhinitis. Allergy Asthma Clin. Immunol. 14: 51.
2. Stuck BA, Czajkowski J, Hagner AE, Klimek L, Verse T, Hormann K, et al. 2004. Changes in daytime sleepiness, quality of life, and
objective sleep patterns in seasonal allergic rhinitis: a controlled clinical trial. . Allergy Clin. Immunol. 113: 663-668.
3. Bauchau V, Durham SR. 2005. Epidemiological characterization of the intermittent and persistent types of allergic rhinitis. Allergy
60: 350-353.
4. Ha]J, Lee SW, Yon DK. 2020. Ten-year trends and prevalence of asthma, allergic rhinitis, and atopic dermatitis among the Korean
population, 2008-2017. Clin. Exp. Pediatr. 63:278-283.
5. van de Veen W, Akdis M. 2019. The use of biologics for immune modulation in allergic disease. J. Clin. Invest. 129: 1452-1462.
6. Dykewicz MS, Hamilos DL. 2010. Rhinitis and sinusitis. J. Allergy Clin. Immunol. 125: S103-115.
7. Thorburn AN, Tseng HY, Donovan C, Hansbro NG, Jarnicki AG, Foster PS, et al. 2016. TLR2, TLR4 and MyD88 mediate allergic
airway disease (AAD) and Streptococcus pneumoniae-induced suppression of AAD. PLoS One 11: €0156402.
8. RyuJH, Yoo]JY, Kim MJ, Hwang SG, Ahn KC, Ryu JC, et al. 2013. Distinct TLR-mediated pathways regulate house dust mite-induced
allergic disease in the upper and lower airways. J. Allergy Clin. Immunol. 131: 549-561.
9. Kim BG, Ghosh P, Ahn S, Rhee DK. 2019. Pneumococcal pep27 mutant immunization suppresses allergic asthma in mice. Biochem.
Biophys. Res. Commun. 514: 210-216.
10. Lee S, Ghosh P, Kwon H, Park SS, Kim GL, Choi SY, et al. 2018. Induction of the pneumococcal vncRS operon by lactoferrin is
essential for pneumonia. Virulence 9: 1562-1575.
11. Kim EH, Choi SY, Kwon MK, Tran TD, Park SS, Lee K], ef al. 2012. Streptococcus pneumoniae pep27 mutant as a live vaccine for
serotype-independent protection in mice. Vaccine 30: 2008-2019.
12. Kim SH, Jang YS. 2017. The development of mucosal vaccines for both mucosal and systemic immune induction and the roles played
by adjuvants. Clin. Exp. Vaccine Res. 6: 15-21.
13. Giudice EL, Campbell JD. 2006. Needle-free vaccine delivery. Adv. Drug Deliv. Rev. 58: 68-89.
14. Kersten G, Hirschberg H. 2007. Needle-free vaccine delivery. Expert. Opin. Drug Deliv. 4: 459-474.
15. Seon SH, Choi JA, Yang E, Pyo S, Song MK, Rhee DK. 2018. Intranasal immunization with an attenuated pep27 mutant provides
protection from influenza virus and secondary pneumococcal infections. J. Infect. Dis. 217: 637-640.
16. Bousquet J, Van Cauwenberge P, Khaltaev N; Aria Workshop Group; World Health Organization. et al. 2001. Allergic rhinitis and its
impact on asthma. J. Allergy Clin. Immunol. 108: S147-334.
17. Durham SR, Ying S, Varney VA, Jacobson MR, Sudderick RM, Mackay IS, et al. 1992. Cytokine messenger RNA expression for IL-3,
IL-4,1L-5, and granulocyte/macrophage-colony-stimulating factor in the nasal mucosa after local allergen provocation: relationship
to tissue eosinophilia. J. Immunol. 148: 2390-2394.
18. Fransson M, Adner M, Erjefalt ], Jansson L, Uddman R, Cardell LO. 2005. Up-regulation of Toll-like receptors 2, 3 and 4 in allergic
rhinitis. Respir. Res. 6: 100.
19. Zhong Q, Zhan M, Wang L, Chen D, Zhao N, Wang ], et al. 2021. Upregulation of the expression of Toll-like receptor 9 in basophils in
patients with allergic rhinitis: An enhanced expression by allergens. Scand. J. Immunol. 93: e13003.
20. Kirtland ME, Tsitoura DC, Durham SR, Shamji MH. 2020. Toll-like receptor agonists as adjuvants for allergen immunotherapy.
Front. Immunol. 11:599083.
21. Yang Z, Liang C, Wang T, Zou Q, Zhou M, Cheng Y, et al. 2020. NLRP3 inflammasome activation promotes the development of
allergic rhinitis via epithelium pyroptosis. Biochem. Biophys. Res. Commun. 522: 61-67.
22. Zhang W, Ba G, Tang R, Li M, Lin H. 2020. Ameliorative effect of selective NLRP3 inflammasome inhibitor MCC950 in an
ovalbumin-induced allergic rhinitis murine model. Int. Immunopharmacol. 83: 106394.
23. Annunziato F, Romagnani C, Romagnani S. 2015. The 3 major types of innate and adaptive cell-mediated effector immunity. J
Allergy Clin Immunol. 135: 626-635.
24. Gour N, Wills-Karp M. 2015. IL-4 and IL-13 signaling in allergic airway disease. Cytokine 75: 68-78.
25. Greenfeder S, Umland SP, Cuss FM, Chapman RW, Egan RW. 2001. Th2 cytokines and asthma. The role of interleukin-5 in allergic
eosinophilic disease. Respir. Res. 2: 71-79.
26. Aryan Z, Holgate ST, Radzioch D, Rezaei N. 2014. A new era of targeting the ancient gatekeepers of the immune system: Toll-like
agonists in the treatment of allergic rhinitis and asthma. Int. Arch. Allergy Immunol. 164: 46-63.

J. Microbiol. Biotechnol.



Apep27 Immunization Alleviates Allergic Rhinitis 717

27.
28.
29.
30.
31.
32.
. Hayashi T, Raz E. 2006. TLR9-based immunotherapy for allergic disease. Am. J. Med. 119: 897.e1-6.
w
36.
37.
38.

39.

40.
41.

42.

43.

44.
45.

46.

Xu H, Shu H, Zhu ], Song J. 2019. Inhibition of TLR4 inhibits allergic responses in murine allergic rhinitis by regulating the NF-«xB
pathway. Exp. Ther. Med. 18: 761-768.

Zhao CC, Xie QM, Xu J, Yan XB, Fan XY, Wu HM. 2020. TLR9 mediates the activation of NLRP3 inflammasome and oxidative stress
in murine allergic airway inflammation. Mol. Immunol. 125: 24-31.

Velasco G, Campo M, Manrique OJ, Bellou A, He HZ, Arestides RSS, et al. 2005. Toll-like receptor 4 or 2 agonists decrease allergic
inflammation. Am. J. Resp. Cell Mol. 32: 218-224.

Starkhammar M, Larsson O, Georen SK, Leino M, Dahlen SE, Adner M, et al. 2014. Toll-like receptor ligands LPS and poly (I:C)
exacerbate airway hyperresponsiveness in a model of airway allergy in mice, independently of inflammation. PLoS One 9:e104114.
Gupta GK, Agrawal DK. 2010. CpG oligodeoxynucleotides as TLR9 agonists therapeutic application in allergy and asthma. BioDrugs
24:225-235.

Aryan Z, Rezaei N. 2015. Toll-like receptors as targets for allergen immunotherapy. Curr. Opin. Allergy Clin. Immunol. 15: 568-574.

Horak E. 2011. VTX-1463, a novel TLR8 agonist for the treatment of allergic rhinitis. Expert Opin. Inv. Drug. 20: 981-986.

Schroder NW, Morath S, Alexander C, Hamann L, Hartung T, Zahringer U, et al. 2003. Lipoteichoic acid (LTA) of Streptococcus
pneumoniae and Staphylococcus aureus activates immune cells via Toll-like receptor (TLR)-2, lipopolysaccharide-binding protein
(LBP), and CD14, whereas TLR-4 and MD-2 are not involved. J. Biol. Chem. 278: 15587-15594.

Yoshimura A, Lien E, Ingalls RR, Tuomanen E, Dziarski R, Golenbock D. 1999. Cutting edge: recognition of Gram-positive bacterial
cell wall components by the innate immune system occurs via Toll-like receptor 2. J. Immunol. 163: 1-5.

Goodridge HS, McGuiness S, Houston KM, Egan CA, Al-Riyami L, Alcocer MJ, et al. 2007. Phosphorylcholine mimics the effects of
ES-62 on macrophages and dendritic cells. Parasite Immunol. 29: 127-137.

Malley R, Henneke P, Morse SC, Cieslewicz MJ, Lipsitch M, Thompson CM, et al. 2003. Recognition of pneumolysin by Toll-like
receptor 4 confers resistance to pneumococcal infection. Proc. Natl. Acad. Sci. USA 100: 1966-1971.

Kim BY, Shin JH, Park HR, Kim SW, Kim SW. 2013. Comparison of antiallergic effects of pneumococcal conjugate vaccine and
pneumococcal polysaccharide vaccine in a murine model of allergic rhinitis. Laryngoscope 123: 2371-2377.

Sutterwala FS, Haasken S, Cassel SL. 2014. Mechanism of NLRP3 inflammasome activation. Ann. NY Acad. Sci. 1319: 82-95.
Swanson KV, Deng M, Ting JP. 2019. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat. Rev.
Immunol. 19: 477-489.

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. 2009. Cutting edge: NF-xB activating pattern
recognition and cytokine receptors license NLRP3 inflammasome activation by regulating NLRP3 expression. J. Immunol. 183: 787-
791.

Boucher D, Monteleone M, Coll RC, Chen KW, Ross CM, Teo JL, et al. 2018. Caspase-1 self-cleavage is an intrinsic mechanism to
terminate inflammasome activity. J. Exp. Med. 215: 827-840.

Paul WE, Zhu J. 2010. How are T(H)2-type immune responses initiated and amplified? Nat. Rev. Immunol. 10: 225-235.
Caucheteux SM, Hu-Li J, Guo L, Bhattacharyya N, Crank M, Collins MT, et al. 2016. IL-1p enhances inflammatory TH2
differentiation. J. Allergy Clin. Immunol. 138: 898-901.e4.

Chen CY, Kao CL, Liu CM. 2018. The cancer prevention, anti-inflammatory and anti-oxidation of bioactive phytochemicals
targeting the TLR4 signaling pathway. Int. J. Mol. Sci. 19: 2729.

June 2022 | Vol.32 | No. 6




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


