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ABSTRACT

Background: We recently reported the suppressive effects of Lactobacillus helveticus SBT2171
(LH2171) on the proliferation and inflammatory cytokine production of primary murine immune
cells in vitro. In this study, the aim was to investigate the effect of LH2171 on a murine pollen

allergen- induced allergy model.

Methods: Male BALB/c mice were fed a diet containing LH2171 (LH2171 group) or a diet not
containing LH2171 (control group). Then, pollen allergy was induced by immunization with pollen
extract emulsified in alum adjuvant and intranasal administration of pollen extract. To evaluate the
anti-allergenic effect of LH2171, the antibody titer in plasma and expression of cytokines and

transcription factors in immune tissues were analyzed by ELISA and qRT-PCR.

Results: In the LH2171 group, the amounts of pollen-specific antibody and total IgE in plasma
were significantly decreased compared with those in the control group. Proliferation and Th2

cytokine production were lower in the submandibular lymph node cells of the LH2171 group than
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in those of the control group. Moreover, in Peyer’s patches, the gene expression of 7//0 and Foxp3
were increased in the LH2171 group.

Conclusion: LH2171 has the ability to suppress production of allergy-related antibody and Th2
cytokines, which could be correlated with the induction of anti-inflammatory factors in the
intestinal immune system.

BACKGROUND

In recent years, allergies to pollen and household dust have rapidly increased worldwide, including
in Japan, and are becoming serious social concerns [1-3]. These allergies are commonly treated
with oral antihistamines and steroids, but long-term use of these medications can carry risks of
serious side effects such as drowsiness, gastrointestinal disorders, dry mouth, dizziness, headache,
or infections. Furthermore, the effectiveness of these drugs is limited to a short window, only the
period immediately after the onset of allergy. Therefore, foods that effectively prevent allergic
reactions that can be safely ingested on a daily basis for long periods of time are strongly desired.

Lactic acid bacteria (LAB) is a general term used to describe bacteria that produce lactic acid
as a metabolite. LAB have long been used for the fermentation of foods such as yogurt, fermented
milk, cheese, and pickles and for improving the shelf life, nutritional value, and palatability of
foods, allowing for the enrichment of consumer diets. Some strains of LAB naturally exist in the
human gastrointestinal tract—including the intestines—as well as in the vagina and are known to
contribute to homeostatic maintenance of the gut environment if compromised by pathogenic
microorganisms [4, 5]. Moreover, not only live LAB, but dead LAB are also known to act directly
and indirectly on the physiological health of the host, through modulation of intestinal microbiota
as a biogenic [6].

Recently, LAB have been reported to not only improve the intestinal environment, but also to
influence immune function. For instance, as immunostimulators, LAB confer protection against
viral infection [7, 8] and induce IgA production, enhancing host immune defense [9]. In addition,
LAB are capable of modulating excessive immune responses through anti-allergic action [10, 11]
and autoimmune disease-mitigating action [12-14].

Lactobacillus helveticus SBT2171 (LH2171), used in this study, is a LAB isolated from dairy
products and has high protease activity, therefore, it is commonly used as a starter bacterial strain
in the production of Gouda-type cheeses [15]. Our previous study clarified that LH2171
significantly suppressed the proliferation of primary murine immune cells among 41 LAB strains
of various species and decreased the production of lipopolysaccharide (LPS)-stimulated
inflammatory cytokines from the immune cells in vitro [16]. In addition, LH2171 prevented the
development of rheumatoid arthritis [17, 18] and multiple sclerosis [19]—major autoimmune
diseases—in a murine model in vivo. These reports suggested that LH2171 has beneficial
immunoregulatory properties.

In the present study, to further investigate the beneficial properties of LH2171 in modulating
excessive immune reactions, we evaluated its alleviating effects in a pollen allergen-induced
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allergy model. This could contribute to elucidating the mechanisms by which LAB regulates

immune function and contribute to the promotion and development of LAB-based prevention or
treatment strategies for allergy diseases.

METHODS

Preparation of LH2171 cells

L. helveticus SBT2171 (LH2171) was isolated by Megmilk Snow Brand Co., Ltd. (Tokyo, Japan),
inoculated into Lactobacilli MRS broth (BD Biosciences, San Jose, CA, USA), and cultivated for
16 h at 37°C. Following incubation, the cells were harvested by centrifugation at 8,000 xg for 10
min at 4°C. The cells were washed twice with 0.9% saline and once with distilled water and freeze-
dried (3.1 x 10! cfu/g in powder form).

Administration of LH2171 and generation of pollen allergen-induced allergy mouse model
Male BALB/c mice, aged 6 weeks, were purchased from CLEA Japan, Inc. (Tokyo). The mice
received deionized water and diet ad libitum and were maintained under controlled conditions of
temperature, humidity, and light (23 + 2°C, 50 £ 10% humidity, and 12-h light-dark cycle). All
experiments involving mice were carried out in accordance with the animal experimentation
regulations of the Milk Science Research Institute of Megmilk Snow Brand Co., Ltd., which are
based on the guidelines proposed by the Science Council of Japan and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and were approved by the Animal Care
and Use Committee of Milk Science Research Institute, Megmilk Snow Brand Co., Ltd.

The mice were acclimatized to the American Institute of Nutrition (AIN)-93G diet [20] for 1
week and then divided into three groups: mice fed AIN-93G without the induction of pollen allergy
(normal group), mice fed AIN-93G with the induction of pollen allergy (control group), or mice
fed AIN-93G containing LH2171 with the induction of pollen allergy (LH2171 group).
Compositions of the experimental diets are shown in Table 1. After experimental diet intake for 1
week, the control and LH2171 groups were immunized by intraperitoneal injection of 100 pg cedar
pollen extract (Cosmo Bio, Tokyo, Japan) and 0.1 pg recombinant mouse 1L-4 (R&D Systems,
Minneapolis, MN, USA), which were dissolved in 75 pL of phosphate-buffered saline (PBS) and
emulsified in 125 pL of alum adjuvant (Thermo Fisher Scientific, Waltham, MA, USA), to induce
pollen allergy. Fourteen and twenty-eight days after the first immunization, mice were boosted by
intraperitoneal injection of 100 pg cedar pollen extract, which was dissolved in 75 pL of PBS and
emulsified in 125 pL of alum adjuvant and administered 10 pL pollen solution (2 mg/mL) daily
via nostrils from 35 days to 41 days after the first immunization. The experimental schedules are
shown in Figure 1. The antigen-specific antibody titer and total IgE level in plasma, cell
proliferation, and cytokine production of submandibular lymph node and spleen cells were
evaluated at 42 days, and the expression of allergy-related cytokines and transcription factors in

the Peyer's patch was evaluated at 21 days.
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Table 1. Compositions of the experimental diets.

(%, wiw)

Ingredient AIN-93G  AIN-93G+LH2171

Casein 20 20
L-cystine 0.3 0.3
Cornstarch 40 39
a-Cornstarch 13.2 13.2
Sucrose 10 10
Soybean oil 7 7
Cellulose 5 5
Mineral mix (AIN-93G-MX) 35 3.5
Vitamin mix (AIN-93-VX)* 1 1
t-Butylhydroquinone 0.0014 0.0014
Lactobacillus helveticus SBT2171 - 1
Total 100 100

* AIN-93G vitamin mixture containing choline bitartrate

Oral intake of
AIN-93G or LH2171-containing AIN-93G ad /ibitum

a A N
v 2222224/
Balb/c mice Vv v v v v v
| | | | | | | >I
| | | | | | |
7 0 7 14 21 28 35 42 Day

W Immunization (cedar pollen extract + alum + |L-4)
v Immunization (cedar pollen extract + alum)
v Blood sampling

* Intranasal administration (cedar pollen extract)

Figure 1. Experimental design of pollen-induced allergy in a mouse model. Male BALB/c mice (7
weeks old) were divided into the normal (not pollen sensitized), control (pollen sensitized), or LH2171
group (LH2171 administered and pollen sensitized). To induce an allergic response, the control and LH2171
groups were immunized by intraperitoneal injection of 100 pug cedar pollen extract and 0.1 pg recombinant
mouse IL-4, adsorbed in alum. Fourteen and twenty-eight days after the first immunization, the mice were
boosted by intraperitoneal injection of 100 pg cedar pollen extract adsorbed in alum. Sensitization was
followed by daily intranasal administration of pollen extract for 7 days, 1 week after the third immunization.
The LH2171-containing diet was fed to the LH2171 group ad libitum from the beginning to the end of the

experiment.
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Measurement of antigen-specific antibody titer and total IgE level in plasma

The antigen-specific antibody titer was determined by the modified enzyme-linked
immunosorbent assay (ELISA) as previously described [21]. In brief, immunoplates (Corning, NY,
USA) were coated with a solution containing 100 pug/mL of cedar pollen extract and incubated at
4°C overnight. After blocking with 1% bovine serum albumin (Merck Millipore, Burlington, MA,
USA) in PBS, plasma samples were added into the pollen-coated wells, and the plates were
incubated for 1 h at room temperature (RT). After five washes with 0.05% Tween 20 (Wako Pure
Chemical Industries, Osaka, Japan) in PBS (Tween—PBS), the plates were incubated with
horseradish peroxidase-conjugated anti-mouse IgG1 antibody (SouthernBiotech, Birmingham, AL,
USA) for 1 h at RT. Following five washes with Tween—PBS, the plates were developed with
QuantaBlu™ Fluorogenic Peroxidase Substrate Kit (Thermo Fisher Scientific). According to the
manufacturer’s protocol, the fluorescence intensity of each well was measured by Varioskan®
Flash (Thermo Fisher Scientific). The total IgE level in the plasma was evaluated using the Mouse
IgE ELISA Quantitation Set (Bethyl Laboratories, Montgomery, TX, USA) according to the
manufacturer’s protocol.

Cell proliferation assay and cytokine analysis

At day 42 after the first immunization, the spleen (SP) and submandibular lymph nodes (LNs) of
the mice were collected and mechanically disrupted in RPMI 1640 culture medium (GIBCO;
Thermo Fisher Scientific) containing 10% heat-inactivated fetal bovine serum (GIBCO), 10 mM
HEPES buffer (GIBCO), 100 U/mL penicillin (GIBCO), 100 pg/mL streptomycin (GIBCO), and
0.05 mM 2-mercaptoethanol. Cell suspensions were filtered, and erythrocytes remaining in the SP
cell preparation were eliminated by lysis buffer (1.68 M NH4Cl, 99.9 mM KHCOs3, and 0.818 mM
EDTA). Cells were washed twice, resuspended in the cell culture medium, and stored on ice until
the cell culture experiments.

To assay cell proliferation, the cells isolated from mice were stimulated with cedar pollen
extract in 96-well plates (2 x 10° cells/well; IWAKI; Asahi Techno Glass, Chiba, Japan) at 37°C
for 5 days with 5% COa». After stimulation, PrestoBlue Cell Viability Reagent (Life Technologies,
Frederick, MD, USA), which exhibits cellular proliferation-dependent fluorescence, was added to
each well according to the manufacturer’s protocol and incubated at 37°C for about 3 h with 5%
COz. After incubation, the fluorescence intensity (excitation: 530 nm; emission: 580 nm) of each
well was measured.

To measure the production of allergy-related cytokines from immune cells, the cells isolated
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from mice were stimulated with 100 pg/mL cedar pollen extract in 24-well plates (1.5 x 10°
cells/well; IWAKI) at 37°C for 5 days with 5% COa.. After stimulation, the media of cultured
immune cells were harvested and stored at -80°C. The secretion of IL-4, IL-5, IL-10, IL-13, and
IFN-y in the culture cell media was measured with ELISA kits (IL-5, IL-10, and IL-13: eBioscience,
San Diego, CA, USA; IL-4 and IFN-y: BioLegend, San Diego, CA, USA). The cytokine

concentrations were evaluated according to the manufacturers’ protocols.

Gene expression analysis

Total RNA was isolated from the Peyer’s patches (PP) of mice using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). RNA was reverse-transcribed into complementary DNA using the ReverTra
Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). Real-time polymerase
chain reaction (PCR) was performed using the TagMan® Fast Advanced Master Mix (Life
Technologies) and the fluorescent TagMan® probe specific for murine [IFN-y (Mm01168134-m1),
mlL-4 (Mm00445259-m1), mIL-5 (Mm00439646-m1), mIL-13 (Mm00434204-m1), mIL-10
(Mm00439614-m1), mFoxp3 (MmO00475165-m1), or the housekeeping gene mGAPDH
(Mm99999915-¢g1) (Life Technologies) according to the manufacturer’s protocols. Data were

normalized to Gapdh gene expression.

Statistical analysis
Student’s #-test was used to compare the control and LH2171 groups. All analyses were performed
using StatView version 5.0 (SAS Institute, Cary, NC, USA). P values < 0.05 were considered

statistically significant.

RESULTS

Effect of LH2171 on antigen-specific antibody titer and total IgE level in plasma

At day 42 after the first immunization, the amount of antigen-specific IgG1 in plasma was
significantly lower in LH2171 mice than in the control mice (Fig. 2A). Moreover, total IgE was
also lower in the plasma obtained from the LH2171 group than in plasma from the control group
at day 21 and 35 (Fig. 2B). In the plasma of the normal group, which was not immunized with

cedar pollen, antigen-specific IgG1 and total IgE were not detected.
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Figure 2. Effect of LH2171 on antigen-specific antibody titer and total IgE level in plasma of
pollen-sensitized mice. (A) Antigen-specific IgG1 levels and (B) total IgE levels in plasma of the mice
42 days after the first immunization. Antigen-specific IgG1 and total IgE were measured by ELISA. Data
are shown as the means + SD (normal group, n = 3; control group, n = 10; LH2171 group, n = 10). The
LH2171 group was compared with the control group by Student’s z-test (*P < 0.05, **P < 0.01).

Effect of LH2171 on the proliferation of submandibular LN and SP cells

The proliferative responses of the immune cells isolated from the submandibular LNs, which are
responsible for draining LNs of the nose, through which the antigen was administered in this study,
were significantly suppressed in mice administered LH2171 compared with those of the control
mice at day 42 after the first immunization (Fig. 3A). In contrast, there was no significant
difference in the proliferation of immune cells from the SP, which controls the whole-body immune
system, between LH2171-administered and control mice (Fig. 3B).
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Figure 3. Effect of LH2171 on proliferation of immune cells from pollen-sensitized mice
stimulated with pollen extract. Immune cells from the submandibular lymph nodes (A) and spleen (B)
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of mice 42 days after the first immunization were cultured with pollen extract (100 ug/mL) for 5 days. After
cultivation, the cell proliferation rate was measured using the PrestoBlue Cell Viability Reagent and
represented as fluorescence intensity (%), in which the value obtained from the control group was set to
100%. Data are shown as the means + SD (normal group, n = 3; control group, n=10; LH2171 group, n=
10). The LH2171 group was compared with the control group by Student’s #-test (*P < 0.05).

Effect of LH2171 on allergy-related cytokine production by submandibular LN cells

The analysis of cytokine levels (IL-4, IL-5, IL-13, IFN-y, and IL-10) in the culture media of the
submandibular LN cells by ELISA showed that the IL-5 level was significantly lower (Fig. 4), and
the IL-13 level had a tendency to be lower in mice administered LH2171 (P = 0.083; Fig. 4)
compared with those of the control mice at day 42 after the first immunization. On the other hand,
there was no significant difference in the IFN-y level between the LH2171 and control mice. The
IL-10 level tended to decrease in LH2171 mice compared with that in the control mice (P = 0.061;
Fig. 4).

Effect of LH2171 on the expression of allergy-related cytokines and transcription factors in PP
Analysis of cytokines and transcription factors related to allergy symptoms in the PP at 21 days
after the first immunization showed a significant increase in IL-10 and Foxp3 expression levels in
LH2171 mice (Fig. 5). On the other hand, there was no statistically significant difference in the
expression of IL-4, IL-5, IL-13, and IFN-y between LH2171 mice and control mice.
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Figure 4. Effect of LH2171 on allergy-related cytokines produced by pollen-stimulated lymph
node cells from pollen-sensitized mice. Immune cells from submandibular lymph nodes of mice 42 days
after the first immunization were cultured with pollen extract (100 pg/mL) for 5 days. After cultivation,
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their media were harvested, and the concentration of IL-4, IL-5, IL-10, IL-13, and IFN-y in the media was
measured with ELISA. Data are shown as the means + SD (normal group, n = 3; control group, n = 10;
LH2171 group, n = 10). The LH2171 group was compared with the control group by Student’s #-test (*P <
0.05).
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Figure 5. Effect of LH2171 on allergy-related cytokine and transcription factor expression in the
Peyer's patch. The Peyer's patch was collected from mice 21 days after the first immunization. The
expression levels of cytokine and transcription factor genes were determined by qRT-PCR. Data are shown
as the means + SD (normal group, n = 3; control group, n = 12; LH2171 group, n=12). The LH2171 group
was compared with the control group by Student’s #-test (**P < 0.01, ***P < 0.001).

DISCUSSION

In the present study, we revealed that LH2171 is effective in a murine allergy model. There are
many reports that LAB, a component of some foods, alleviate allergy in a murine pollen allergen-
induced allergy model. Nonetheless, most reports used ovalbumin (the main protein found in egg
whites and widely used in the field of immunological research) as an antigen, instead of pollen
[22-28]. On the other hand, our present study demonstrated that LH2171 is effective in a murine
model of allergy induced by pollen antigen. Indeed, a few reports showed that LAB were effective
in an allergy model using pollen [29, 30], but the effectiveness of live LAB was examined. In this
study, LH2171 was hypothesized to exert its effect in a non-living form in the murine intestine,
because LH2171 is highly intolerant of intestinal digestive juices. In fact, our previous study
showed that heat-killed LH2171 significantly suppressed the proliferation and inflammatory
cytokine production of immune cells in vitro [16], although the active components of LH2171
contributing to the immune suppressive activity have not been clarified. Based on these findings,
a wide range of products containing LH2171 as an effective biogenic for pollen allergy are
expected to be developed in the future.

Allergic reactions such as sneezing, runny nose, and congestion of eyes are generally caused
by a sequence of pathways: the production of cytokines by Th2 cells, activation of B cells by Th2
cytokines and Th2 cells themselves, antibody production from B cells, degranulation of mast cells
by binding of antigen and antigen specific-antibody to their surface, and allergic reactions caused
by inflammatory substances such as histamine contained in degranulation [31-34]. Th2 cytokines,
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including IL-4, IL-5, and IL-13, play important roles in establishing allergies and are required
during the production of antigen-specific IgG or IgE [35], while Thl cytokines including IFN-y
are relatively suppressed and vice versa. Anti-inflammatory cytokine IL-10, mainly produced by
regulatory T cells (Tregs), also suppresses Th2 cytokine production and the subsequent antigen-
specific antibody production and allergy symptoms [36-38]. Therefore, the alleviation of allergy
likely occurs within these pathways. In the present study, oral administration of LH2171 decreased
antigen-specific IgG1 and total IgE levels in the blood. Moreover, LH2171 suppressed antigen-
induced Th2 cytokine production and proliferation of LN cells. Proliferation of immune cells is a
primary indicator of inflammatory immune response, because proliferation generally occurs
immediately following cellular encounter with antigen and immune system activation [16, 39].
These results suggested that LH2171 firstly works on Th2 cells to suppress cytokine production,
thereby inhibiting antibody production and lowering the antibody concentration in the blood. Th2
cells are located upstream of B cells and mast cells in the above-described series of allergic reaction
pathways; thus, LH2171 acting on Th2 cells may fundamentally resolve allergies.

In order to investigate the mechanism of suppression of antibody and Th2 cytokine production
by LH2171, we analyzed PP, where immune cells frequently take up antigens and where the orally
administered LH2171 was likely to first make contact with immune cells. The results in Figure 4
prompted us to consider whether day 42 was an appropriate time point for evaluating the
immunosuppressive ability of LH2171: levels of anti-inflammatory cytokine IL-10 were lower in
the LH2171 group than in the control group, probably because inflammatory reaction, such as Th2
cytokine production and proliferation of immune cells, was already suppressed by LH2171, and
anti-inflammatory factors such as IL-10 would not need to be produced at day 42. In fact, our
previous study and some other reports showed that even though LAB have the ability to induce
anti-inflammatory factors such as IL-10 and Foxp3 in normal conditions or prior to inflammation,
they do not always increase these factors in the inflammatory phase or affected organ [40-42].
Therefore, we evaluated the expression of allergy-related cytokines and transcription factors in PP
at day 21 after the first immunization, an earlier time point. As expected, our analysis revealed that
LH2171 increased the expression of IL-10 and Foxp3, a marker of Tregs, which regulate the
function of other immune cells including Th2 and Th1 and produce IL-10 [36, 38]. These results
suggest that this increase in Tregs and IL-10 production might be correlated with suppression of
Th2 activation by LH2171. Tregs have been reported to be effective for various diseases and
syndromes, such as autoimmune diseases—including multiple sclerosis, systemic lupus
erythematosus, rtheumatoid arthritis, inflammatory bowel disease, and psoriasis [43]—obesity-
linked insulin resistance and diabetic nephropathy [44], and anxiety and depression-like behaviors
[45]. In addition, LH2171 is already used for food production as a starter bacterium for Gouda
cheese. Considering these findings, LH2171 might greatly contribute to the prevention of allergy
and various diseases. Nonetheless, the pathways through which LH2171 increases Tregs and IL-
10 production, acts directly on T cells, and is incorporated into antigen-presenting cells remain to
be investigated.
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CONCLUSION

In conclusion, our study demonstrated that the oral administration of LH2171 significantly
decreases antigen-specific antibody and total IgE in plasma and reduces the production of Th2
cytokines by submandibular LN cells in a murine model of pollen allergy. Furthermore, LH2171
increased the expression of anti-inflammatory factors such as IL-10 and Foxp3 in PP, which
correlates with the preventive effects of LH2171 against allergic responses. These findings suggest
that LH2171 could exert a preventive or mitigating effect for individuals suffering from allergies.

List of abbreviations: AIN, American Institute of Nutrition; ELISA, enzyme-linked
immunosorbent assay; LAB, lactic acid bacteria; LH2171, Lactobacillus helveticus SBT2171; LNs,
lymph nodes; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; PCR, polymerase chain
reaction; PP, Peyer’s patch; RT, room temperature; SP, spleen; Tregs, regulatory T cells; Tween—
PBS, 0.05% Tween 20 in PBS.
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