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Abstract

Allergies are global issues, however, medical intervention for allergy treatment is
limited. Recent studies have focused on allergy prevention with food components. Both
lactic acid bacteria Enterococcus faecalis 1C-1 (IC-1) and the flavonoid luteolin have
been shown to have an anti-allergic effect. Following the concept of diet diversity and
synergistic effects, the purpose of this study was to explore the anti-allergic activity of a
combination of IC-1 and luteolin. A combination of IC-1 and luteolin had anti-allergic
effects in passive cutaneous anaphylaxis reaction and strongly inhibited mast cell
degranulation in a Caco-2/RBL-2H3 cells co-culture system. Oral administration with a
combination of IC-1 and luteolin significantly decreased blood IgE content in
ovalbumin (OVA)-induced allergic mice and alleviated symptoms with an allergy
attack. These might have been achieved through correcting Th2 shifting with the allergy
state since a combination of IC-1 and luteolin increased the IFN-y content in blood.
Furthermore, in vitro differentiation of the Th2 subset confirmed that a combination of
IC-1 and luteolin inhibited naive T cell differentiate into a Th2 subset through inhibition
of Th2 transcription factor GATA-3 expression. The combination also promoted the
gene expression level of IFN-y in mice bone marrow-derived dendritic cells. These
results suggested a synergistic anti-allergic effect using a combination of IC-1 and
luteolin both in reducing IgE content and in inhibiting mast cell degranulation during

the allergy state.
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1. Introduction

The global incidence of allergic diseases has increased, especially in developed

countries. Allergic diseases are caused by hypersensitivity of the immune system.

Hypersensitivity can be divided into 4 types, namely: immediate hypersensitivity (type

I), cytotoxic reaction (type II), immune complex reaction (type III), and delayed

hypersensitivity (type IV) (Janeway et al., 2001). Type I hypersensitivity, which is also

known as an allergy and is represented by food allergies and allergic asthma, is the most

commonly seen type of humans.

Type I hypersensitivity is initiated by the allergens, including food components,

pollens and dusts. When the allergen gets access into the human body, it is recognized

by antigen presenting cells (APC) and presented to naive helper T cell (ThO), thereby

activating it. Activated ThO differentiates into T helper 2 cell (Th2) rather than T helper

1 cell (Th1). Th2 is capable of secreting Th2 cytokines including Intelukin-4 (IL-4), IL-

5 and IL-13, which can promote B cells to process immunoglobulin (Ig) class switch

recombination leading to accumulation of IgE. When the same allergen invades again,

the binding of the allergen to IgE activates the Fce Receptor I (FceRI) on mast cells and

cause mast cells degranulation, resulting in the release of chemical mediators like

histamine (Janeway et al., 2001). The effects induced by histamine include smooth
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muscle contraction, increased vascular permeability, and prostaglandin generation

(White, 1990), which in turn lead to symptoms like skin reactions (urticarial, eczema

and angioedema), respiratory tract reactions (rhinitis and bronchitis), gastrointestinal

tract (intestinal cramps and diarrhea) and the worst, anaphylactic shock (Janeway et al.,

2001).

Although certain types of medicines have been developed to treat allergy, the option

is still quite limited. For example, disodium cromoglycate (cromolyn), a well-known

mast cell stabilizer, has been widely used in the clinical field for asthma treatment.

However, it only has preventive effect which means the medicine has to be taken a week

before the individual is exposed to the allergen. It also has no effect on alleviating

symptoms in asthmatic attack (Patel & Theoharides, 2017).

Even though some food components including cow’s milk and peanut are easy to

trigger allergy reaction (Wood, 2016), other food components have been shown to have

anti-allergy effect. Flavonoid, a secondary product of vegetables and plants (Castell et

al., 2014), has been shown to have a variety of biological effects such as anti-tumor,

antioxidant, anti-allergic, anti-microbial, and anti-angiogenic properties (Shimada et al.,

2006). Luteolin, a flavonoid contained in celery, green pepper, perilla leaf and

chamomile, is also well known for its anti-inflammatory and anti-allergic activities.

6
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Animal researches showed that luteolin can ameliorate allergy symptom and reduce Th2
cytokine including IL-4 and IL-13 in mice with allergic asthma induced by ovalbumin
(OVA) (Jang et al., 2017). Previous research also showed luteolin can inhibit human
cultured mast cell degranulation through the inhibition of Ca®" influx and protein kinase
C (PKC) activation (Kimata et al., 2000). However, the bioavailability of luteolin is
quite low since as a flavonoid aglycons, it is conjugated to glucuronic acid or sulfuric
acid by epithelial cells in intestinal absorption (Murota et al., 2002), which makes it

difficult for luteolin to have its effects in human body.

Lactic acid bacteria (LAB) are the other popular candidates for regulating immune
system. LAB is a group of Gram-positive, anaerobic bacteria including Enterococcus,
Lactobacillus, Streptococcus, and Lactococcus, which has been widely used in the
fermentation and storage of milk, meat and vegetables (Makarova et al., 2006; Stiles &
Holzapfel, 1997). Numbers of researches had demonstrated that LAB can ameliorate
allergic symptoms through decrease of the serum levels of antigen specific IgE in
animal models. LAB can influence immune system by products like metabolites, cell
wall component and nucleic acid (Oelschlaeger, 2010), which makes it reasonable that
not only the live LAB (Schiavi et al., 2011; Ai et al., 2016) known as ‘probiotics’, but

also the heat-killed LAB (Segawa et al., 2008; Peng & Hsu, 2005) can have anti-allergic
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effect. The anti-allergic effect of LAB is strain dependent with distinguished

mechanisms and the most popular one is through mediating Th1/Th2 cytokine

expression and balance (Fujiwara et al., 2004).

It has been suggested that LAB can switch the Th2 dominance to Th1 response in

allergy state. This may be achieved by stimulating Th1 differentiation and secretion of

Thl cytokines including interferon (IFN)- y and IL-12, which have antagonisms for IgE

production promoted by IL-4 (Ongol et al., 2008). Enterococcus faecalis IC-1 (IC-1) is

a resident lactic acid bacterium in the human intestine and it has been reported to

enhance immune activity in its inactivated form (Nakase et al., 2017). Previous

researches demonstrated that IC-1 can reduce serum IgE content in OVA-induced

allergic model and inhibit mast cell degranulation through in vitro Caco2/RBL-2H3

cells co-culture system (Yamashita et al., 2016).

Diversity is an important character of human dietary habit and it is reasonable that

different combinations of food components may have various effects including

synergistic effect, additive effect, and antagonistic effect. This study was intended to

explore the anti-allergic activity using a combination of IC-1 and luteolin and provide a

safe and effective guide for people who have trouble with food allergies.
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2. Materials and Methods

2.1. Reagents

Dulbecco’s modified Eagle’s medium (DMEM, high glucose), Evans blue, luteolin and

aluminum hydroxide gel were purchased from Wako Pure Chemical Industries (Osaka,

Japan). RPMI 1640 medium, Minimal Essential Medium (MEM) non-essential amino

acids (NEAA) were purchased from Gibco BRL (Grand Island, NY, USA). Fetal bovine

serum (FBS) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Anti-

dinitrophenyl (DNP) IgE, p-nitrophenyl-N-acetyl--D-glucosaminide and albumin from

chicken egg white lyophilized powder (OVA) were purchased from Sigma (St. Louis,

MO, USA). DNP-bovine serum albumin (DNP-BSA) was purchased from Cosmo Bio

(Tokyo, Japan). Anti-2,4,6-trinitrophenyl (TNP) IgE (clone: C38-2) was purchased from

BD Biosciences (Franklin Lakes, NJ, USA). 2,4,6-Trinitrochlorobenzene was purchased

from Tokyo Chemical Industry (Tokyo, Japan). Enterococcus faecalis 1C-1was

purchased from Chichiyasu Pharmaceutical Co., Ltd. (Hiroshima, Japan) as a

commercial product which was killed by heat.
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2.2. Mice

Mice were purchased from Japan SLC (Shizuoka, Japan). BALB/c mice (6 weeks,

female) were used in the OVA-induced allergic model experiment and the in vitro Th2

differentiation experiment. BALB/c mice (7 weeks, female) were used in the passive

cutaneous anaphylaxis reaction (PCA). C57BL/6N mice (6 weeks , male) were used to

generate bone marrow-derived dendritic cell. All mice were maintained in Kobe

University Life Science Laboratory with specific pathogen-free conditions, stable

temperature (23 + 2°C) and humidity (55 + 10%). Mice had access to protein chow and

water freely. All animal experiments were approved by the Animal Experiment Ethnics

Committee of Kobe University (approval number: 28-10-02-R1).

2.3. Cell culture

Rat basophilic leukemia cell line, RBL-2H3 cells (American Type Culture

Collection, Manassas, VA, USA) were cultured in RPMI 1640 medium supplemented

with 10% (v/v) heat-inactivated FBS (57°C, 30 min), 2 g/LL NaHCOs3 (Nacalai Tesque,

Kyoto, Japan), 100 pg/mL streptomycin (Thermo Fisher Scientific), 100 U/mL

penicillin (Sigma-aldrich). The human intestinal epithelial cell line, Caco-2 cells

(American Type Culture Collection) were cultured in DMEM (4.5g/L glucose)

10
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supplemented with 10% FBS, 1% MEM-NEAA, 100 pg/mL streptomycin, 100 U/mL

penicillin. All cells were incubated in a humidified 5% COz incubator at 37°C.

2.4. Passive Cutaneous Anaphylaxis (PCA) Reaction

Mice were orally administered with IC-1 (1x107 cfu/day), luteolin (200 pg/day) or a
combination of the two, each with the same concentration as above, dissolved in 100 pL
0.5% sodium carboxymethyl cellulose (CMC, Nacalai Tesque) solution, respectively.
Ten days after oral administration, mice were sensitized by subcutaneous injection with
0.1 pg/ear anti-DNP IgE dissolved in 10 uLL PBS into both ears. After 24 h, mice were
challenged with 0.2 mg DNP-albumin dissolved in 100 uL PBS containing 1mg Evans
blue by intravenous injected to the caudal vein. Binding of DNP-BSA to anti-DNP IgE
stimulates mast cell to degranulate and causes increased vascular permeability, leading
to leakage of Evans blue. After 30 min, mice were sacrificed by cervical dislocation and
both ears were collected. The ears were cut into small pieces and soaked in formamide
for 24 h to extract Evans blue from the ears. The quantity of Evans blue was determined
by measuring absorbance at 610 nm (V-630, Jasco Corp., Tokyo, Japan). The severity of

the allergy was evaluated by the quantity of Evans Blue.

11
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2.5. p-Hexosaminidase activity assay

RBL-2H3 cells were adjusted to the concentration of 2x10° cells /mL and dispensed
into 96-well plates at a concentration of 2x10° cells/well. Cells were incubated over-
night in a humidified 5% CO2 incubator at 37°C. Cells were sensitized with anti-TNP
IgE for 2 h. Cells were washed twice with Siraganian buffer before adding different
concentrations of IC-1 (1x107, 1x108 cfu/mL) or luteolin (12.5, 25, 50 uM) to each well
and incubated for 1 h, followed by a challenge with the antigen for 1 h. The reaction
was stopped by cooling in an ice bath for 10 min. The supernatant (50 uL) was
transferred into 96-well microplate and incubate with 50 pL of substrate solution (2 mM
p-nitrophenyl-N-acetyl-B-D-glucosaminide in 0.2 M citrate buffer at pH 4.5) for 1 h.
The reaction was stopped by adding stop solution (0.2 M glycine-NaOH at pH 13). The
absorbance was measured at 405 nm with a microplate reader (SH-9000, Corona

Electric Co., Hitachi, Japan).

2.6. Caco-2/RBL-2H3 cells co-culture system
Caco-2/RBL-2H3 cells co-culture system was done in accordance with a previous
study (Yamashita et al., 2016), with some modifications. Caco?2 cells were dispensed

into 24-well Transwell insert plates (0.33 cm?, 0.4 pm pore size, Corning Costar Corp.,

12
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Cambridge, MA, USA). Cell culture mediums were changed every 3 days until the
transepithelial electrical resistance (TEER) value of Caco?2 cells reaches 300 Q-cm?
measured by the Millicell-ERS Voltohmmeters (Merck KGaA, Darmstadt, Germany),
which is considered fully differentiated (Srinivasan et al., 2015). RBL-2H3 cells were
adjusted to the concentration of 2x10* cells /mL and dispensed into 24-well plate at a
concentration of 2x10° cells/well. RBL-2H3 cells were incubated over-night in a
humidified 5% CO2 incubator at 37°C. RBL-2H3 cells were sensitized with anti-TNP
IgE for 2 h. The inserts with Caco2 were placed on the top of RBL-2H3. Caco2 and
RBL-2H3 cells were washed twice with Siraganian buffer before adding IC-1 (0.5x108,
1x10% cfu/mL), luteolin (30 uM) or combination of the two, each with the same
concentration as above to Caco2 inserts well, co-cultured Caco2 and RBL-2H3 for 6 h.
Caco2 inserts were removed and RBL-2H3 were challenged with antigen for 1 h. The

remaining procedure was the same with f-hexosaminidase activity assay.

2.7. Ovalbumin-induced allergic model
Mice were orally administered with IC-1(1x10% cfu/day), luteolin (200 pg/day) or
combination of the two, each with the same concentration as above dissolved in 100 uL.

0.5% CMC solution respectively. Seven days after oral administration, mice were

13
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sensitized with 10 ug OVA + Img Al(OH)3 adjuvant dissolved in 300 pL phosphate-

buffered saline (PBS) by intraperitoneal injection. The sensitizations were continued

once in 5 days for 2 more times. Five days after last intraperitoneal sensitization, mice

were challenged with OVA by intravenous injection with 3 pg OVA dissolved in 100 L

PBS to trigger allergy response. Rectal temperature changes were measured every 10

min from 0 to 90 min after OVA challenge to estimate allergic reaction (Tsujimura et al.,

2008). One day before each OVA sensitization or challenge, blood samples were

collected from caudal vein. On the final day, blood samples were collected using cardiac

puncture.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Blood samples were stored at 4°C overnight after placed at 22-25°C for 30 min.

Serum was collected by centrifugation of blood samples in 1.5 mL eppendorf tube at

11,000 x g (10,000 rpm in a AF-2724A rotor, Kubota 6200 centrifuge, Kubota Corp.,

Tokyo, Japan) at 4°C for 10 min. Total IgE contents were measured using a Mouse IgE

ELISA Set (BD Bioscience, San Jose, CA, USA). OVA-specific IgE were measured

using DS Mouse IgE ELISA (OVA) (DS Pharma Biomedical, Osaka, Japan). IFN-y was

measured using [FN-gamma Quantikine ELISA Kit (R&D systems, Minneapolis, MN,

14
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USA). All procedures were specifically following manufacturer’s protocol, respectively.

2.8.1 IgE

Diluted Capture Ab was added to 96 well-plate at 100 pL/well and incubate

overnight at 4°C. The wells were washed with Wash Buffer for 3 times, then 200 uL

Assay Diluent was add to each well and incubated 1 h at room temperature (RT). The

wells were washed with Wash Bufter for 3 times, then 100 uL standard or sample was

added to each well and incubated 2 h at RT. The wells were washed with Wash Buffer

for 5 times, then 100 pL Working Detector was added to each well and incubated 1 h at

RT. The wells were washed with Wash Buffer for 7 times, then 100 uLL Substrate

Solution was added to each well. After incubated 30 min at RT in dark, 50 pL Stop

Solution was add to each well. The absorbance was read at 450 nm and the

concentration of the IgE was calculated from the standard curve.

2.8.2 OVA-specific IgE

The Buffer was added into the Microplate at 150 puL/well before 15 pL sample or

Standard solution was added into each well and incubated for 10 min at RT. The aliquot

solution was added to each well at 110 pL/well and incubated in dark for 60 min at RT.

15
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The wells were washed with Wash buffer for 3 times, then 100 uLL OVA-enzyme

conjugate was added to each well and incubated in dark for 30 min at RT. The wells

were washed with Wash buffer for 3 times, then 100 pL Substrate was added to each

well. After incubated in dark for 30 min at RT, 100 puL Stop solution was added to each

well. The absorbance was read at 450 nm and the concentration of the OVA-specific IgE

was calculated from the standard curve.

2.8.3 IFN-y

The Assay Diluent RD1-21 was added into the Microplate at 50 pL/well before

50 uL standard, control, or sample was added into each well and incubated for 2 h at

RT. The wells were washed with Wash buffer for 5 times, then 100 uL Mouse IFN-y

Conjugate was added to each well and incubated for 2 h at RT. The wells were washed

with Wash buffer for 5 times, then 100 uLL Substrate Solution was added to each well.

After incubated in dark for 30 min at RT, 100 puL Stop solution was added to each well.

The absorbance was read at 450 nm and the concentration of the IFN-y was calculated

from the standard curve.

2.9. Spleen cell isolation and in vitro differentiation of Th2 subset

16
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Spleen cell isolation and in vitro differentiation of Th2 subset were performed in
accordance with a previous study (Flaherty & Reynolds, 2015), with some
modifications. Balb/c mice were sacrificed by cervical dislocation and disinfected in
75% ethanol for 5 min. The spleens were isolated and carefully transferred into dish
containing RPMI 1640 medium. The needle of a 1-mL syringe was inserted into the
spleen and it was rinsed with the media until its surface turned to white. The cell
suspension in the dish was collected and centrifuged at 1,500 g for 3 min. The
supernatants were discarded and the cell pellets were resuspended with red blood cell
(RBC) lysis buffer (NH4Cl , tris(hydroxymethyl)aminomethane) to lyse the RBC. The
cell suspensions were centrifuged again and the supernatants were discarded. The cell
pellets were resuspended with RPMI 1640 medium supplied with 55 uM 2-
mercaptoethanol (Gibco BRL), 5 ng/mL IL-2 and 10 ng/mL IL-4 (R&D System:s,
Minneapolis, MN, USA). The cells adjusted to be at the concentration of 1x10°
cells/mL. Cell suspensions were seeded in 24-well plate pre-coated with 2 pg/mL anti-
CD3 (Bio X Cell, West Lebanon, NH, USA) and 2 pg/mL anti-CD28 (Bio X Cell) at
1x10% cells/well, and then were added IC-1 (1x108 cfu), luteolin (10uM) or combination
of IC-1 and luteolin were added into different wells and cultured in a humidified 5%

CO2 incubator at 37°C for 96 hours. The cells were re-stimulated with 1pg/mL of anti-

17
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CD3 for 4 hours. The total cell RNA was isolated with Sepasol®-RNA I Super G

(Nacalai Tesque) and used for detecting gene expression.

2.10. Generation of bone marrow-derived dendritic cell

Generation of bone marrow-derived dendritic cell (DC) was performed in
accordance with a previous study (Inaba et al., 1992), with some modifications.
C57BL/6N mice were sacrificed by cervical dislocation. The tibias and femurs were
carefully removed and disinfected in 75% ethanol for 5 min, and then transferred into
dish containing RPMI 1640 medium. The two ends of the bone were cut off and a
needle of a 1 mL syringe was inserted into the bone cavity to remove the bone marrow
until the surface of bone turned to white. The cell suspensions in the dish were collected
and centrifuged at 1,500 g for 3 min, and the supernatants were discarded. The cell
pellets were resuspended with RBC lysis buffer to lyse the RBC. The cell suspensions
were centrifuged again, the supernatants were discarded, and pelleted cells were
resuspended with RPMI 1640 medium with 55 uM 2-mercaptoethanol, 10 ng/mL IL-4
and 10 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) (R&D
Systems). The cells were counted and adjusted the concentration to 1x107 cells/mL. The

cell suspensions were plated in dish at 3x107 cells/dish. The culture medium was

18
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replaced 48 hours later to remove the unattached cells and supplied with new medium.
On day 6th, the semi-suspended cells and loosely attached cells were considered
immature DC. The immature DCs were counted and the concentration was adjusted to
1x10% cells/mL and plated in 24-well plate at 1x10° cells/well. IC-1 (1x108 cfu),
luteolin (10 uM) or combination of IC-1 and luteolin were added into different wells
and cultured for 72 hours. The total cell RNA was isolated with Sepasol®-RNA I Super

G (Nacalai Tesque) and used for detecting gene expression.

2.11. Real-time PCR

Quantitative PCR was performed using a 7500 Fast Real Time PCR system (Life
Technologies, Carlsbad, CA, USA) and FastStart Universal Probe Master (ROX)
(Roche Diagnostics, Basel, Switzerland) according to the manufacture’s protocol.
TagMan gene expression assay were purchased from Applied Biosystems and assay
identifications (IDs) involve are as follows; mouse B-actin Assay ID: Mm00607939 sl1,
mouse GATA-3 Assay ID: Mm00484683 mH, mouse TBX21 Assay ID:
Mm00450960 ml, mouse IL-4 Assay ID: Mm00445259 mH and mouse IFNG Assay
ID: Mm01168134 mH. Double delta Ct analysis was used to process gene expression

level. B-actin was used as endogenous control.

19
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2.12. Statistical Analysis

All the data were shown as mean + standard deviation (M + SD). To compare with

any two groups, statistical significance was analyzed using the Student’s t-test. To

compare with more than two groups, statistical significance was analyzed using the

Tukey-Kramer test. Statistical significance was defined as p < 0.05.

3. Results

3.1. Anti-allergic effect by combination of IC-1 and luteolin in passive cutaneous

anaphylaxis reaction

Passive cutaneous anaphylaxis reaction (PCA) is a common animal model for

evaluating type I hypersensitivity. As shown in Fig. 1, oral administration of

combination suppressed the leakage of Evans blue in the ears of mice while IC-1 alone

or luteolin alone group had no significant inhibition effect, indicating that simultaneous

administration of IC-1 and luteolin may alleviate allergic symptom through inhibiting

mast cell degranulation.
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3.2. Inhibition of Luteolin and IC-1 on mast cell degranulation

Since PCA is directly induced by mast cell degranulation, 3-hexosaminidase
activity assay was performed to confirm the effect of IC-1 and luteolin on inhibiting
mast cell degranulation in vitro. As shown in Fig. 2A, luteolin had concentration-
dependent inhibition on mast cell degranulation. On the other hand, IC-1 showed no

inhibition effect on mast cell degranulation (Fig. 2B).

3.3. Inhibition on mast cell degranulation in the Caco-2/RBL-2H3 cells co-culture
system by combination of I1C-1 and luteolin
Both IC-1 and luteolin have to encounter with intestine barrier when entering
digestive tract. Yamashita et al. (2016) used an in vitro co-culture model comprised of
Caco-2/RBL-2H3 cells to evaluate anti-allergic effects of food components through the
intestine. As shown in Fig. 3, the combination of IC-1 (0.5%10® cfu/mL) and luteolin
(30 uM) showed inhibition effect in Caco-2/RBL-2H3 cells co-culture system while

their single form failed to inhibit mast cell degranulation.

3.4. Effect on allergic symptom in OVA-induced allergic model by combination of I1C-

1 and luteolin

21
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Apart from PCA, OV A-induced active systemic anaphylaxis is another common

animal model for type I hypersensitivity. To confirm whether luteolin or IC-1 can

alleviate allergic symptom, rectal temperature change after OVA challenge for 90 min

was monitored (Tsujimura et al., 2008). As shown in Fig. 4, the rectal temperature of

mice in OVA group dropped dramatically and hit the low point (7.3 £ 0.5°C) at 60 min

after intravenous injection with OVA. The rectal temperature recovered gradually after

60 min but did not return to normal level at 90 min after OVA challenge. Both luteolin

and IC-1 groups showed lower temperature decrease and faster recovery rate compared

to OVA group but neither of them was able to return to normal level at 90 min after

OVA challenge. On the other hand, the rectal temperature in combination group hit the

nadir point (3.3 = 1.0°C) at 40 min and the decrease level was significantly lower than

OVA group from 40 to 70 min after injection of OVA. It also showed the highest

recovery rate and returned to normal at 90 min after OVA challenge. These results

indicated that combination of IC-1 and luteolin can alleviate symptom with an allergy

attack.

3.5. Effect on IgE production in OVA-induced allergic model by combination of 1C-1

and luteolin

22



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

It was ascertained that combination of IC-1 and luteolin significantly alleviated

allergy symptom (Fig. 4). IgE is the major immunoglobin for initiating mast cell

degranulation to trigger Type I hypersensitivity reaction (Janeway et al., 2001). Previous

studies demonstrated that both luteolin and LAB can suppress IgE production under

allergy state in animal experiments (Ai et al., 2016; Fujiwara et al., 2004; Kimata et al.,

2000; Peng & Hsu, 2005; Segawa et al., 2008). To confirm whether the combination of

IC-1 and luteolin can reduce IgE production in active systemic anaphylaxis (ASA), total

IgE content was monitored during OVA experiment. As shown in Fig. 5A, total IgE

content in blood of mice that administrated with OVA and Al1(OH)3 adjuvant (OVA

group) increased continually. Mice orally administered only with IC-1 or luteolin also

showed a tendency to suppress total IgE production compared to OVA group. However,

the combination group, which was orally administered simultaneously with IC-1 and

luteolin, showed the lowest total IgE among 5 groups and significantly different with

OVA group at 17 days.

Specificity against a particular protein is an important character of IgE, meaning

that a certain type of IgE only triggers allergic reaction under the stimulating of the

same allergen (Janeway et al., 2001). In order to confirm whether the combination of

IC-1 and luteolin also can reduce OVA-specific IgE production, blood content of OVA-
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specific IgE was measured. As shown in Fig. 5B, the combination group also

significantly suppressed OVA-specific IgE compared to OVA group. These data

suggested that combination of IC-1 and luteolin has enhanced anti-allergic effect

compared to their single form.

3.6. Effect on IFN-y content in OVA-induced allergic model by combination of 1C-1

and luteolin

Th2 response is the major immune response under allergic state. Th2 cytokine IL-4

is known to promote B cell to process immunoglobulin (Ig) class switch recombination

from IgM to IgE. On the other hand, IFN-y, a typical Thl cytokine, is antagonistic to

IgE production promoted by IL-4. Since combination of IC-1 and luteolin has been

confirmed to suppress IgE production in allergic state (Fig. 5), IFN-y content in blood

was further measured. As shown in Fig. 6, the combination group showed highest IFN-y

content compared to other groups. These results may suggest that the simultaneous

administration of IC-1 and luteolin might improve Th1/2 balance toward Thl

dominance.

3.7. Inhibition on naive T cell differentiate into Th-2 subset by combination of IC-1
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and luteolin

To confirm whether combination of IC-1 and luteolin can improve Th2 shifting

toward Th1 dominance in allergy state, in vitro differentiation into Th2 subset was

investigated using spleen cells. Thl related gene T box transcription factor (T-bet) and

IFN-y, and Th2 related gene GATA-3 and IL-4 were measured by RT-PCR. As shown

in Fig. 7, combination and luteolin group significantly suppressed GATA-3 expression.

They also showed tendency of suppressing IL-4 expression. IC-1 showed no effect both

on GATA-3 and IL-4. Combination and IC-1 group showed significant increase in Thl

cytokine IFN-y expression level. Interestingly, the expression level of T-bet, the

transcription factor specifically expressed in Th1 did not increase in spite of IFN-y

increase (Larsen et al., 2016). These results suggested that combination of IC-1 and

luteolin could inhibit naive T cell differentiation into Th-2 subset through inhibiting

Th2 transcription factor GATA-3 expression.

3.8. Effect on IFN-y gene expression in bone marrow-derived DC by combination of

IC-1 and luteolin

Result in Fig. 7 shown combination of IC-1 and luteolin had no improvement on

Th1 cell differentiation since Thl transcription factor T-bet remained unchanged,
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suggesting other cells may contribute to the increased IFN-y expression. Apart from T

cells, spleen cells also consist of DC, macrophages and plasma cells. Even though IFN-

v 1s mainly secreted by Th1 cell, it could also be secreted by DC (Moretto et al., 2007).

To confirm whether combination can promote DC to secrete IFN-y, bone marrow-

derived DCs were cultured with IC-1, luteolin or combination. As shown in Fig. §,

combination of IC-1 and luteolin showed increased IFN-y gene expression in DC

compared to other groups treated with IC-1 alone, luteolin alone or nothing.

4. Discussion

Even though the allergic diseases have become a global issue, there is still lack of

effective and safe treatment. For example, allergy immunotherapy, which has been

recommended by current clinical guidance is reported to be of good efficacy in allergy

treatment (Larsen et al., 2016). However, the allergy immunotherapy can only be

applied to patient with clear allergen diagnosis and its safety is still on the debate. In

addition, the anti-allergic effect of food components have gained increasing attention in

the last decades. Both luteolin and IC-1 had been shown to have anti-allergic effect

(Jang et al., 2017; Kimata et al., 2000; Yamashita et al., 2016) and this study has shown

that the combination of IC-1 and luteolin had synergistic anti-allergic activity.
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The combination of IC-1 and luteolin alleviated symptom in PCA reaction
(Fig. 1). Since PCA reaction is mainly induced by mast cell degranulation, these results
suggested that the combination had inhibition effect on mast cell degranulation. In 3-
hexosaminidase activity assay, which was used to evaluate the direct inhibit effect of
IC-1 and luteolin, only luteolin inhibited -hexosaminidase activity (Fig. 2A). These
results stay consistent with previous study that luteolin can inhibit mast cell
degranulation through the inhibition of Ca2" influx and PKC activation (Kimata et al.,
2000). However, the inhibition effect of luteolin could not be observed in Caco2/RBL-
2H3 cells co-culture system (Fig. 3). This may be due to the low bioavailability of
luteolin which is partially metabolized when passed through the monolayer of Caco-2
cell, a cell model for mimicking small intestine (Murota et al., 2000; Nishitani et al.,
2013). On the other hand, even though IC-1 showed no inhibition on mast cell
degranulation when directly applied to RBL-2H3 cells (Fig. 2B), it showed inhibition
effect in Caco2/RBL-2H3 cells co-culture system (Fig. 3A). These results suggested
that some compounds derived from small intestine epithelial cell through recognizing
IC-1 inhibited mast cell degranulation. On the basis of results from PCA (Fig. 1), B-
hexosaminidase assay (Fig. 2) and Caco2/RBL-2H3 cells co-culture system (Fig. 3), it

can be concluded that the combination of luteolin and IC-1 had enhanced anti-allergic
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activity by inhibition on mast cell degranulation with the individual pathway in each

compound, respectively.

In OVA-induced allergic model, the combination of IC-1 and luteolin

significantly alleviated allergic symptom (Fig. 4). Among all the 5 types of

immunoglobulins, IgE is the major antibody in Type I hypersensitivity to cause allergic

symptoms. In according with the result of allergic symptoms (Fig. 4), the combination

of IC-1 and luteolin also suppressed total IgE and OV A-specific IgE production in

blood (Fig. 5). The production of IgE is the result of immunoglobulin class switch

recombination (CSR). Initially, B cell is only programmed to express IgM and/or IgD,

but upon immunization, B cell starts to undergo CSR and achieves ability of expressing

IgM, IgG or IgE (Snapper & Mond, 1993). There are several factors that could regulate

B cell CSR, of which cytokine micro-environment is the most important factor. For

example, bacteria or virus inflammation increases Thl cytokines, IFN-y concentration,

and leading to IgG production; parasites infection increases Th2 cytokine, [L-4

concentration, and leading to IgE production; the mucosa is enriched with TGF-B1,

which is important in IgA production (Bode et al., 2004). IL-4 and IFN-y are working in

an antagonistic manner. It has been shown that IFN-y antagonizes IL-4-induced B cell

switching to IgE isotype (Hasbold et al., 1999). Different types of cytokines secreted by
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different subsets of T cell. Fig. 6 showed that the combination group had the highest

IFN-y content in the blood, which suggested that the combination group may improve

Th2 shifting toward Th1 dominance in the allergy state.

Generation of different CD4" T cell subsets requires different signal

transduction pathway (Jenner et al., 2009). IFN-y signaling leads to activation of the

signal transducer and activator of transcription (STAT) 4, which will activate T-bet, an

important regulator of Th1 differentiation. IL-4 signaling leads to phosphorylation of

the STAT6 and activate GATA-3, an important regulator of Th2 differentiation. In vitro

Th2 subset-induced experiment using the cells isolated from spleen showed that the

combination of IC-1 and luteolin significantly suppressed GATA-3 whereas IFN-y

expression increased significantly (Fig. 7). The expression level of T-bet did not

increase in spite of IFN-y increasing (Fig. 7), which implied that the combination did

not promote ThO differentiation into Th1. These results suggested that other cells may

contribute to the increased IFN-y expression in the combination group.

Even though IFN-y is mainly secreted by Th1 cell, it could also be secreted by

other immune cells such as DC. DC is a specialized APC that plays an important role

both in innate and adaptive immune response. It has been shown that IFN-y produced by

DCs is important for priming gut intraepithelial lymphocyte response (Moretto et al.,

29



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

2007). To confirm whether DC is the resources of increasing IFN-y in combination

group, bone marrow-derived DC was cultured simultaneously with IC-1 and luteolin.

As shown in Fig. 8, the combination of IC-1 and luteolin increased IFN-y gene

expression in DC.

Previous works showed that IC-1 could be recognized by Toll-like receptor

(TLR) 2 expressed on Caco-2 cells (Yamashita et al., 2016). TLRs are pattern

recognition receptors (PRRs), which have been reported to be important for LAB to

execute immune response. TLRs are widely expressed not only on immune cells

including DC, but also on other tissue cells such as intestinal epithelium (Ey et al.,

2009). Upon stimulation of TLRs, various adaptor proteins are recruited, and a series of

signaling cascades are activated to release specific cytokines such as IFN-y depending

on different cells and situations (Lebeer et al., 2010). Since the increase of IFN-y was

also observed in IC-1 group (Fig. 7 and 8), there is a high possibility that IC-1 is

recognized by TLR2 expressed on DC leading to an increase secretion of IFN-y.

Through suppressing Th2 cytokine, IL-4 production, and increasing Th1 cytokine, IFN-

v production (Fig. 5C, 6D and 7), the combination of IC-1 and luteolin strongly

inhibited IgE production in the allergy state (Fig. 5).

Both IC-1 and luteolin contribute to allergic diseases but with limitation. When
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administered with IC-1 or luteolin alone, neither of them is able to significantly

alleviate allergic symptom (Fig. 1 and 4) or suppress IgE production (Fig. 5). Luteolin

only had the ability to suppress Th2 differentiation (Fig. 7) while IC-1 only had the

ability to increase IFN-y (Fig. 7 and 8). However, by synergistically working with each

other, the combination of IC-1 and luteolin had an enhanced anti-allergic effect.

5. Conclusion

The combination of IC-1 and luteolin promoted DC to secrete IFN-y and

inhibited ThO differentiation into Th2 subset through suppressing GATA-3 expression.

The increase of Th1 cytokine, IFN-y and the decrease of Th2 cytokine, IL-4 suppressed

IgE production to alleviate allergic symptoms. In addition, intestine epithelial cells

(IECs) recognized IC-1 and possibly released a type of compound(s) which can work

synergistically with luteolin to inhibit mast cell degranulation. In conclusion, this

research confirmed the synergistic anti-allergic activity using a combination of IC-1 and

luteolin.
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Figure legends

Figure 1. Anti-allergic effect by combination of IC-1 and luteolin in passive cutaneous
anaphylaxis reaction

Mice were oral administration with IC-1 (1x107 cfu/day), luteolin (200 ug/day)
or the combination of the two, each with the same concentration as above, respectively
for 10 days. On day 10, mice were sensitized by subcutaneous injection of anti-DNP
IgE into both ears and exposed to DNP-BSA containing 1% Evans blue to induce
passive cutaneous anaphylaxis reaction. Different superscript letters indicate the
statistical significance between groups (p < 0.05). Values are presented as means + SD

(n=4-5).

Figure 2. Inhibition of Luteolin and IC-1 on mast cell degranulation

Different concentrations of luteolin (12.5, 25, 50 uM) or IC-1 (1x107, 1x108
cfu/mL) was applied to RBL-2H3 cell after sensitized with anti-DNP IgE and followed
by challenged with TNP-BSA. Different superscript letters indicate the statistical

significance between groups (p < 0.05). Values are showed as means = SD (n=5).

40



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

Figure 3. Inhibition on mast cell degranulation in the Caco-2/RBL-2H3 cells co-culture
system by combination of IC-1 and luteolin

Caco2/RBL-2H3 cell co-culture system was used to evaluate anti-allergic
effects of IC-1, luteolin or the combination of IC-1 and luteolin through the intestine.
IC-1 (1x10% cfu/mL), luteolin (30 uM) or the combination of the two, each with the
same concentration as above, was applied to apical side of Caco2 cell and co-cultured
with RBL-2H3 which was sensitized with anti-DNP IgE for 6 hours, and then RBL-2H3
cells were challenged with TNP-BSA. Different superscript letters indicate the statistical

significance between groups (p < 0.05). Values are showed as means = SD (n=4-6).

Figure 4. Effect on allergic symptom in OVA-induced allergic model by combination of
IC-1 and luteolin

Mice were oral administration with IC-1 (1x10® cfu/day), luteolin (200 pg/day)
or the combination of the two, each with the same concentration as above, for 24 days.
Mice were challenged with OVA by intravenous injection to trigger allergy response
after sensitization. Rectal temperature change was measured every 10 min from 0 to 90
min after OVA challenge to estimate allergic reaction. *(p < 0.05), significantly different

from the group only administrated with OVA. Values are showed as means £ SD (n=5).
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700

701  Figure 5. Effect on IgE production in OVA-induced allergic model by combination of
702 IC-1 and luteolin

703 Mice were orally administered with IC-1 (1x10® cfu/day), luteolin (200

704  pg/day) or the combination of the two, each with the same concentration as above, for
705 24 days. *(p <0.05), significantly different from the group only administrated with
706  OVA. Values are showed as means = SD (n=5). U.D indicates under detection.

707

708  Figure 6. Effect on IFN-y content in OVA-induced allergic model by combination of
709  IC-1

710 Mice were orally administered with IC-1 (1x10® cfu/day), luteolin (200

711  pg/day) or the combination ofthe two, each with the same concentration as above, for
712 24 days. Serum was collected on the final day using cardiac puncture. Different

713  superscript letters indicate the statistical significance between groups (p < 0.05) . Values
714  are showed as means + SD (n=3).

715

716  Figure 7. Inhibition on naive T cell differentiate into Th-2 subset by combination of IC-

717 1 and luteolin
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Spleen cells were isolated from mice and cultured with IC-1 (1x10® cfu/mL), luteolin
(10 uM) or the combination of the two, each with the same concentration as above, in
the Th-2 subset-induced environment for 96 h. Cells were collected and then Th1 and
Th2 related gene T-bet, IFN-y, GATA-3 and IL-4 were measured by real time-PCR
respectively. Different superscript letters indicate the statistical significance between

groups (p < 0.05) . Values are showed as means + SD (n=4-5).

Figure 8. Effect on IFN-y gene expression in bone marrow-derived DC by combination
of IC-1 and luteolin

Immature DC was generated from bone marrow by providing precursor cells
with GM-CSF and IL-4. Immature DC was cultured with IC-1 (1x10® cfu/mL), luteolin
(10 uM) or the combination of the two, each with the same concentration as above.
After 72 h, cells were collected. IFN-y was measured by RT-PCR. Different superscript
letters indicate the statistical significance between groups (p < 0.05). Values are showed

as means = SD (n=3).
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