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ABSTRACT: In this study, we assessed the anti-asthmatic effects of heat-inactivated Lactobacillus kefiranofaciens M1 (HI-M1) and
its fermented milk using different feeding procedures and at various dosage levels. The possible mechanisms whereby HI-M1 has
anti-allergic asthmatic effects were also evaluated. Ovalbumin (OVA)-allergic asthma mice that have been orally administrated the
HI-M1 samples showed strong inhibition of production of T helper cell (Th) 2 cytokines, pro-inflammatory cytokines, and Th17
cytokines in splenocytes and bronchoalveolar fluid compared to control mice. An increase in regulatory T cell population in
splenocytes in the allergic asthma mice after oral administration of H1-M1 was also observed. In addition, all of the features of the
asthmatic phenotype, including specific IgE production, airway inflammation, and development of airway hyperresponsiveness,
were depressed in a dose-dependent manner by treatment. These findings support the possibility that oral feeding of H1-M1 may be

an effective way of alleviating asthmatic symptoms in humans.
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B INTRODUCTION

Allergic asthma, a type-1 hypersensitivity, is characterized by
an allergen-induced chronic inflammation of the lungs together
with airway hyperresponsiveness (AHR); it is also associated
with an enhancement of allergen-induced eosinophilia, goblet
cell hyperplasia, allergen-specific immunoglobulin (Ig) E levels,
T helper cell (Th) 2 dominant cytokines [interleukin (IL)-4, IL-S,
and IL-13] production, and lymphocyte infiltration into the airways."
In this context, there is increasing evidence to support a ther-
apeutic role for lactic acid bacteria (LAB) in the treatment of allergy.
Clinical trials have demonstrated that Lactobacillus rhamnosus
GG™* and Lactobacillus fermentum®* may effectively improve
atopic dermatitis in children. Furthermore, a double-blind ran-
domized trial showed that oral treatment with L. rhamnosus GG
reduced the rate and severity of respiratory virus infection in
children.®> A number of hypotheses have been put forward as the
possible mechanisms behind the anti-allergic action of LAB. One
isidea that certain strains may excite intestinal associated lymphoid
tissues and instruct the developing immune system to reverse the

abnormal Th2 response, resulting in a more balanced situation. 67

Kefir is an acidic and mildly alcoholic fermented milk that is
believed to contain abundant nutrition as well as having func-
tional properties.” One study seems to indicate that oral admin-
istration of kefir is able to modulate immune responses to improve
the allergic reactions, inhibit tumor growth, and induce the tumor
cell lysis by apoptosis.” Another study of its anti-asthma proper-
ties showed that kefir inhibited the production of allergen-specific
IgE in serum, suppressed the accumulation of eosinophilia in
lung tissue, and reduced mucus hypersecretion by goblet cells in
airways.'® However, confirmation of the possible immunomo-
dulatory activity of kefir and clarification of the underlying mecha-
nisms are still not available.

The difference between kefir and other fermented milk
products is that kefir is fermented using starter “kefir grains”,
which are composed of protein, polysaccharide, and a complex
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microflora population.'" Kefir grains, which contain a variety of
different species of microorganisms, would seem to constitute
the key factor that affects the functional properties of kefir.
Despite indications that LAB treatments can modulate some
immune responses in the lung,6 2~ up to the present, there has
been no report investigating the effects of feeding kefir LAB
orally in relation to the prevention of asthma. In this context, in
our previous studies, 50 LAB strains from the kefir grains were
isolated and identified by a combination of polymerase chain
reaction-denaturing gradlent gel electrophoresis (PCR-DGGE)
and 168 rDNA sequencing."> Two of these lactobacilli (Lactobacillus
kefiranofaciens M1 and Lactobacillus kefiri M2) isolated from kefir
grains were found to mﬂuence the production of Thl and pro-
inflammatory cytokines in vitro."® Additionally, the oral feeding of
heat-inactivated L. kefiranofaciens M1 (HI-M1) from kefir grains was
found to effectively inhibit the IgE production response in
ovalbumin (OVA)-sensitized mice.'” These findings suggest
that L. kefiranofaciens M1 in kefir may play an important role in
the anti-allergic activities of kefir.

The anti-allergic effects have been found to be strain-specific.
The distinct differences in immune responses between strains
might be due to the different inherent characteristics of the
organisms, which include per51stence in the gut, colonization,
and intrinsic immunogenicity.'” In the hterature, various Lacto-
bacillus spp., such as Lactobacillus casei,”> L. rhamnosus,® Lacto-
bacillus acidophilus,"* and Lactobacillus reuteri,> have been
reported to have anti-asthmatic effects, but no study has demon-
strated that L. kefiranofaciens has anti-asthmatic effects. Thus, in
this present study, we assessed the anti-asthmatic effects of heat-
inactivated L. kefiranofaciens M1 and its fermented milk using
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Figure 1. Experimental design of OVA-allergic asthma mice with different oral administration procedures of HI-M1 isolated from kefir grains. OVA-
sensitized mice (n = 6—8 per group) received 107, 10%, or 10° CFU day ™' mouse " of HI-M1 in 200 L of PBS via a gavaging needle. HI-M1 was orally
applied in three feeding procedures: course A, throughout the experimental period (32 days); course B, for 14 subsequent days from days 1 to 14; and
course C, for only 3 days on days 28—30 at 1 h before the OVA aerosol challenge. The positive controls were fed with 200 4L of PBS and sensitized and

challenged with OVA.

different feeding procedures and various dosages. At the same
time, the possible mechanisms by which HI-M1 has an anti-allergic
asthmatic effect were also evaluated.

B MATERIALS AND METHODS

LAB Samples. L. kefiranofaciens M1 (M1) was isolated and identi-
fied from kefir grains.'> The M1 strains was grown in de Man, Rogosa,
and Sharpe (MRS) broth (Difco Laboratories, Detroit, MI) at 37 °C and
then harvested by washing and resuspending 3 times in phosphate-
buffered saline (PBS, Amersco, Solon, OH). The cell suspension was
then adjusted to 5 x 107 colony forming units (CFU)/mL prior to use.
Inactivation of L. kefiranofaciens M1 was carried out by heating the
bacteria at 85 °C for 40 min as described in a previous study."”

Animals. Female, 6-week-old BALB/c specific pathogen-free mice
(National Laboratory Animal Center, Taipei, Taiwan) were accustomed
to their new environment for at least 1 week before the start of the
experiment. Mice were maintained in an automatic light/dark cycle
(light periods of 12 h). Temperature and humidity were kept constant at
22 °C and 50%, respectively. All experiments were performed in accor-
dance with guidelines for animal care of the National Science Council.

Sensitization and Airway Challenge. The OVA-sensitized
mouse model of allergic airway inflammation was used in this study
and has been described in detail by Lee et al.'® Briefly, mice were
sensitized by intraperitoneal injection of 20 ig of OVA (grade V, Sigma,
St. Louis, MO) adsorbed on 2 mg of alum (Wako, Osaka, Japan) in PBS
in a total volume of 200 4L on days 1 and 14. On days 28—30, the mice
were challenged with OVA (1% in PBS) or PBS by ultrasonic nebuliza-
tion (Aerogen Ireland, Ltd., Galway, Ireland) for 20 min per mouse. On
day 32, the airway responsiveness of the mice was measured and this was
followed by bronchoalveolar lavage (BAL). Blood was then collected by
submandibular bleeding before the mice were sacrificed.

L. kefiranofaciens M1 Treatment. The experimental procedure
for immunization with OVA and administration of HI-MI using the strain
isolated from kefir grains is summarized in Figure 1. OVA-sensitized
mice (= 6—8 per group) received 107, 10%, or 10° CFU day” ' mouse "
of HI-MI in 200 uL of PBS via a gavaging needle. HI-M1 was orally
applied using three different feeding procedures: (1) throughout the
experimental period (32 days, course A), (2) for 14 consecutive days
from days 1 to 14 (course B), and (3) for only 3 days on days 28—30 at
1 h before the OVA aerosol challenge (course C). The positive controls
were fed with 200 uL of PBS and sensitized and challenged with OVA in

the same way as described above. The negative controls were fed with
200 uL of PBS and sensitized and challenged with PBS.

Airway Responsiveness. At 24 h after the final OVA challenge, an
in vivo lung function measurement was performed by whole-body
plethysmography (Buxco WBP, Buxco Electronics, Wilmington, NC)
as described by Karimi et al.'® The slope of the dose—response was
calculated by linear regression between the measured airway resistance
and the log; ¢-transformed methacholine dose (12.5, 25, and 50 mg/mL;
Sigma, St. Louis, MO).

Preparation of Splenocytes. The mice were sacrificed by cervical
dislocation, and splenocytes were harvested for culture. The preparation
of splenocyte cultures followed the procedure described by Hong et al.'”

BAL and Lung Histology. After the treated mice were sacrificed,
lungs were rinsed with 1 mL of PBS. Bronchoalveolar fluid was obtained
by aspirating 3 times via tracheal cannulation. The cells in the BAL
fluid were removed by centrifugation at 200g for 15 min and then
resuspended in PBS (1 mL). The supernatants were stored at —80 °C
until their cytokine content was measured."

After the BAL was removed, the lungs of the mice were inflated with
10% formalin (Wako, Osaka, Japan), fixed for 24 h, and embedded in
paraffin. The fixed and embedded tissue was then stained with hema-
toxylin and eosin (Sigma, St. Louis, MO) to allow for histological assess-
ment using light microscopy (Optima, Aurora, CO). Periodic acid—Schiff
(PAS) stain (IMEB, Inc., San Marcos, CA) was also applied to measure
goblet cell and mucus production.

Measurement of the Levels of Cytokines and OVA-Spe-
cific IgE. The levels of various cytokines [IL-4, IL-5, IL-13, IL-12p40,
IL-6, IL-1f3, and IL-17, tumor necrosis factor-ot (TNF-0.) and IFN-y]
were assessed using the R&D system (Minneapolis, MN). The results
are expressed as the concentration of each cytokine (pg/mL).

Blood samples from the treated mice were collected by submandibular
bleeding, coagulated for 1 h at room temperature, and then subsequently
centrifuged for S min at 17500g. OVA-specific IgE was determined using
an OVA-specific IgE kit (Serotech, Oxford, UK.).

Flow Cytometry. Regulatory T cells (Treg) from among spleno-
cytes from the allergic-asthma mice fed with HI-M1 were determined by
flow cytometric analysis. Cell suspensions from spleen were resus-
pended at § x 10° cells/mL and double-stained with extracellular PE-
CD4 and FITC-CD2S (eBiosciences, San Diego, CA) for 20 min on ice.
The cells were then washed extensively with PBS and analyzed with an
EPICS XL flow cytometer (Beckman Coulter, Brea, CA).

Statistical Analysis. All results were analyzed using the general
linear model procedure available from the Statistical Analysis System
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Figure 2. Effects of the different feeding procedures of HI-M1 on Th2 and pro-inflammatory cytokines in splenocytes of OVA-allergic asthmatic mice.
HI-M1 (10® CFU day ™" mouse ') was orally applied in three feeding procedures: course A, throughout the experimental period (32 days); course B, for
14 subsequent days from days 1 to 14; and course C, for only 3 days on days 28—30 at 1 h before the OVA aerosol challenge. The positive controls (PCs)
were fed with 200 uL of PBS and sensitized and challenged with OVA. Values are the mean = standard error of the mean (SEM). Means for each

cytokine without a common letter differ significantly (p < 0.01).

software package, version 8.1. Duncan’s multiple range test was used to
detect differences between the treatment means. Each experiment was
conducted in triplicate.

B RESULTS

Effect of Different Oral Feeding Procedures. To evaluate
the effect of the different M1 feeding procedures (Figure 1) on
protecting against allergy airway response, we examined pro-
inflammatory cytokine production and Th2 cytokine production
in splenocytes ex vivo from the OVA-allergic asthma mice. As
shown in Figure 2, the mice from the orally administrated 32 day

9024

HI-MI sample (course A) showed a significant inhibition of
splenocyte IL-4, IL-13, IL-6, and TNF-o production compared
to the mice without feeding with HI-M1 samples (p < 0.01) after
OVA sensitization and challenge. Among the mice treated with
the two other feeding procedures (courses B and C), the secretion
of pro-inflammatory cytokines (IL-6 and TNF-0.) was signifi-
cantly downregulated in splenocytes after OVA sensitization and
challenge but no significant difference in the levels of the Th2
cytokines (IL-4 and IL-13) compared to the positive control mice
(OVA sensitization and challenge) was found. Similar findings
were observed for the BAL fluid (Figure 3). The mice that
had undergone course A had a significantly lower production of
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Figure 3. Effect of the d1fferent feedmg procedures of HI-M1 on Th2 and pro-inflammatory cytokine level in BAL fluid of OVA-sensitized mice after OVA challenge.
HI-M1 (10° CFU day ' mouse ") was orally applied in three feeding procedures: course A, throughout the experimental period (32 days); course B, for 14 sub-
sequent days from days 1 to 14; and course C, for only 3 days on days 28—30 at 1 h before the OVA aerosol challenge. The positive controls (PCs) were fed with
200 uL of PBS and sensitized and challenged with OVA. Values are the mean = SEM. Means for each cytokine without a common letter differ significantly (p < 0.01).

pro-inflammatory cytokines (TNF-, IL-1/3, and CCL20) and after OVA sensitization and challenge. In contrast, the mice
Th2 cytokines (IL-S and IL-13) than control mice (p < 0.01) treated with the two other feeding procedures showed no
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Figure 4. Analysis of the CD4"CD25" cell population in splenocytes in different feeding procedures of HI-M1 in OVA-sensitized mice after OVA
challenge. HI-M1 (10® CFU day ' mouse ') was orally applied in three feeding procedures: (A) throughout the experimental period (32 days, course
A), (B) for 14 subsequent days from days 1 to 14 (course B), and (C) for only 3 days on days 28—30 at 1 h before the OVA aerosol challenge (course C).
The positive controls (PCs) were fed with 200 4L of PBS and sensitized and challenged with OVA. Values are the mean &= SEM. Means for each value
without a common letter differ significantly (p < 0.01).
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Figure 5. Effect of oral administration of different dosages of HI-M1 on Th2 and pro-inflammatory cytokine secretion in splenocytes of OVA-sensitized
mice after OVA challenge. The fermented milk (FM) group was fed S00 uL of L. kefiranofaciens M1 fermented milk to OVA-sensitized and -challenged
mice. The positive controls (PCs) were fed with 200 uL of PBS and sensitized and challenged with OVA. The negative controls (NCs) were fed with
200 uL of PBS and sensitized and challenged with PBS. Values are the mean &= SEM of 6—8 mice per group. Means for each cytokine without a common
letter differ significantly (p < 0.01).

significant difference in either pro-inflammatory or Th2 cyto- mice was also evaluated. The results indicated that the percentage
kines compared to the positive control mice. of Treg cells was significantly increased (p < 0.01) in splenocytes
In addition, the effect of the different feeding procedures on among mice that had undergone the course A compared to the

the induction of Treg cells in splenocytes of OVA-allergic asthma positive control mice after OVA inhalation (Figure 4); in contrast,
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Figure 6. Effect of different dosages of HI-M1 on Th17 cytokine secretion in BAL fluid and OVA-specific IgE productions in serum of OVA-sensitized
mice after OVA challenge. The fermented milk (FM) group was fed SO0 uL of L. kefiranofaciens M1 fermented milk to OVA-sensitized and -challenged
mice. The positive controls (PCs) were fed with 200 uL of PBS and sensitized and challenged with OVA. The negative controls (NCs) were fed with
200 uL of PBS and sensitized and challenged with PBS. Values are the mean & SEM of 6—8 mice per group. Means for each cytokine without a common

letter differ significantly (p < 0.01).

the two other feeding procedures showed no difference in the
Treg cell numbers (Figure 4). As a result of the above experiments,
mice from the orally administrated 32 day HI-M1 sample (course A),
which demonstrated a significant inhibition in pro-inflammatory
and Th2 cytokines as well as an increase in the population of Treg
cells, was selected for the following investigation.

Effect of H1-M1 Dosages on Th2, Pro-inflammatory, and
Th17 Cytokines. To assess the importance of the dosages of
HI-M1 on protection against an allergic airway response, Th2
and pro-inflammatory cytokines were determined in splenocytes
ex vivo of the OVA-allergic asthma mice using varying doses of
HI1-MI1. The results indicated that the increase in Th2 cytokines
(IL-4, IL-S, and IL-13) and pro-inflammatory cytokines (IL-1f,
IL-6, and TNF-0.) were significantly attenuated in splenocytes
(p < 0.01) among OVA-allergic asthma mice pretreated with 108
and 10° CFU day ' mouse ' of HI-M1 (Figure 5). On the other
hand, the mice administrated M1 fermented milk sample showed
no such inhibitory effect on Th2 and pro-inflammatory cytokines
compared to the positive control groups. Th17 cytokine levels
were also investigated in the BAL fluid (Figure 6). Treatment
with 107, 10%, and 10° CFU day ' mouse " of HI-M1 signifi-
cantly inhibited the increase in IL-17 in BAL fluid of the allergic
asthmatic mice, but no suppressing effect on IL-17F in BAL fluid
was observed until the mice were treated with the highest dose
(10° CFU day ' mouse ') of HI-MI.

Effect of M1 Dosage on OVA-Specific IgE Production.
When a dose—response study of the oral administration of HI-M1
on OVA-specific IgE production in the serum of the OVA-allergic

asthma mice was conducted, the OVA-specific IgE levels in serum
were dramatically elevated in the positive control mice compared
to the negative controls (Figure 6). Mice orally fed 10’ CFU
day~ " mouse ' of HI-M1 or higher showed significantly reduced
OVA-specific IgE levels (p < 0.01). However, no such inhibitory
effect on OVA-specific IgE in serum was found among mice
administrated M1 fermented milk compared to the positive
control mice.

Effect of M1 Dosage on Histological Changes. To observe
the anti-inflammatory effect of the HI-M1 on the airways of the
OVA-allergic asthma mice, histological studies were performed.
OVA aerosol challenge induced marked infiltration of inflam-
matory cells into the peribronchiole and perivascular connective
tissue (Figure 7B). The majority of the infiltrated inflammatory
cells were monocytes and eosinophils. The increase in eosinophils
in the lung parenchyma of the OVA—aHeggic asthma mice was
significantly reduced by treatment with 10® and 10° CFU day '
mouse ' of HI-M1 (panels E and F of Figure 7). This inhibition
of inflammatory cell infiltration into the airways together with
epithelial cell disruption were not observed in the lungs when the
mice were treated with the M1 fermented milk or 10’ CFU day '
mouse ' of HI-M1 (panels C and D of Figure 7).

PAS stain was also applied to evaluate goblet cell hyperplasia.
The results indicated that overproduction of mucus and the
presence of goblet cell hyperplasia could be seen in the bronchial
airways of OVA-allergic asthma mice but not in those of normal
mice (panels A and B of Figure 8). The mice that had been
orally treated with HI-M1 showed significant suppression of the
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Figure 7. Effect of HI L. kefiranofaciens M1 on lung tissue inflammatory cells infiltrated and airway remodeling in OVA-sensitized mice after OVA
cha.llenge. Representative sections of lung tissue from (A) negative control, (B) positive control, (C) L. kefiranofaciens M1 fermented-milk-treated group,

(D) 10
HI-MlI-treated group.

CFU day ' mouse ' of HI-M1-treated group, (E) 10° CFU day ' mouse ' of HI-M1-treated group, and (F) 10° CFU day ' mouse ' of

Figure 8. Effect of HI L. kefiranofaciens M1 on mucus production in OVA-sensitized mice after OVA challeng7e. Representative sections of lung tissue
from (A) negative control, (B) positive control, (C) L. kefiranofaciens M1 fermented-milk-treated group, (D) 10’ CFU dex}f1 mouse ' of HI-M1-treated
group, (E) 10° CFU day ' mouse " of HI-MI-treated group, and (F) 10° CFU day ' mouse ' of HI-M1-treated group.

increase in mucus and goblet cell hyperplasia (panels D—F of
Figure 8). In particular, there was a major reduction in the
number of PAS-stained goblet cells in the 10° CFU day '
mouse ' treated asthma group compared to the positive controls
(Figure 8F).

Effect of HI-M1 on the Airway Response to Methacholine.
Finally, we investigated the inhibitory effect of HI-M1 on the
response to methacholine (Figure 9). The OVA-allergic asthma
mice showed a significant increase in enhanced pause (Penh) in
response to doses of aerosolized methacholine compared to the
normal negative controls (p < 0.01). The development of this
increased airway response was significantly attenuated when the
mice were pretreated with 10° CFU day™ ' mouse ' of HI-ML.

H DISCUSSION

In this present study, we assessed the anti-allergic asthma
effects of HI-M1 using a well-established OVA-induced asthma
model. The mice from the orally administrated H1-M1 sample
showed strong inhibition of the production of Th2 (IL-4, IL-S,
and IL-13), pro-inflammatory (IL-6, IL-1/3, TNF-, and CCL20),
and Th17 cytokines in splenocytes and BAL from the OVA-
allergic asthma mice, and this was associated with the interven-
tion (Figures 2 and 3) in a dose-dependent manner (Figures 5
and 6). The increase in the Treg cell population in splenocytes in
the orally administrated HI-M1 group of allergic asthma mice
was also observed (Figure 4). The pathophysiological features
of allergic asthma were thought to result from an aberrant
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Figure 9. Effect of HI-M1 on the airway response to aerosolized
methacholine measured 24 h after the last OVA challenge in OVA-
sensitized mice as expressed by Penh. The positive controls (PCs) were
fed with 200 uL of PBS and sensitized and challenged with OVA. The
negative controls (NCs) were fed with 200 4L of PBS and sensitized and
challenged with PBS. Values are the mean & SEM of 8—10 mice per
group. () Significant difference from the PC (p < 0.01).

expansion of CD4" T cells that produce type-2 cytokines."
Animal models and clinical studies in humans have revealed a
significant position for Th2 cells secreting IL-4, IL-5, and IL-13 in
the pathogenesis of allergic asthma.'” Upregulated expression of
lymphocytes IL-4 mRNA together with IL-5 mRNA in BAL cells
has been observed following allergen challenge.”® IL-4 and IL-5
have been found to be crucially involved in the local infiltration
and activation of eosinophils. On the other hand, the Th2
cytokine IL-13, which shares a receptor component and signaling
pathways with IL-4, is important to the induction of airway
hyperreactivity and allergic inflammation."*" IL-13 and IL-4 inde-
pendently also show a synergistic effect with TNF-0. on eosinophil
activation.”” Additionally, previous studies have observed an
increased release of TNF-(, IL-13, and IL-6>* in BAL of asthmatic
patients. The increased levels of these pro-inflammatory cyto-
kines seem to act on epithelial cells and attenuate the excessive
host inflammatory responses associated with allergic asthma.**

IL-17, produced by Th17 lymphocytes, is able to excite the
expression and release of a number of pro-inflammatory media-
tors, including IL-6 and CCL2, in bronchial epithelial cells.*® The
production of IL-17 has also been shown to direct an influx of
neutrophils; that is because IL-17 stimulates the secretion of
CXC chemokines, as well as pro-inflammatory cytokines.*®
There is also evidence for increased levels of IL-17 in the airways
of asthmatic patients. Laan et al.”’” reported that free soluble IL-
17 is produced during the severe inflammation that is character-
ized by high neutrophil numbers in human airways. Alcorn
et al.”® indicated that OVA sensitization and subsequent OVA
challenge resulted in increases in IL-17A and IL-17F, members of
the IL-17 cytokine family, both mRNA and protein, in lung
homogenates. Overexpression of IL-17F in lungs has been found
to induce airway neutrophilia.”® Th 17 cytokine levels could be
enhanced by IL-6. IL-6 suppresses the expression of Treg differ-
entiation, which favors expression by Th17 cells.*®

CD4"CD25" Treg cells suppress the proliferation and cyto-
kine production by CD4"CD25™ T cells, as well as CD8" T cells
and established Thl cells.”® There is accumulating evidence
linking the immunomodulatory function of LAB components
to various immune suppression mechanisms; these are coordi-
nated by Treg cells that attenuate both the Thl and Th2
response.'® Feleszko et al.’ reported that the young individuals
treated with L. rhamnosus GG showed a soothed allergic airway
response compared to adult animals, which was related to an
increase in Treg cell expression. Karimi et al.'® also indicated that
L. reuteri-induced attenuation of the allergic airway response in
mice was mediated in a non-antigen-specific manner by Treg
cells. Our findings of a decrease in IL-17 cytokines and an
increase in Treg cells among the orally administrated HI-M1
sample of allergic asthma mice might involve the suppression of
Th2 and pro-inflammatory cytokines. The observed allergen-
specific systemic immune-regulatory responses were probably
associated with beneficial effects relative to the target organ.

On the basis of the above results, we further studied the effect
of orally feeding HI-M1 on the asthmatic phenotype of the
allergic asthma mice. Allergic asthma is characterized by AHR to
a variety of allergens, chronic pulmonary eosinophilia, an ele-
vated serum IgE, and excessive airway mucus production.’ Oral
administration of HI-M1 leads to a suppression of all of these
features of the asthmatic phenotype, including specific IgE
production, airway inflammation, and development of AHR; this
occurred in a dose-dependent manner (Figures 6—8). Allergen-
induced IgE synthesis is likely to trigger eosinophils, basophils,
and mast cells, allowing for the differentiation of Th cells into
Th2 cells, which secrete IL-4, IL-5, and IL13. The number of
mast cells infiltrated in the airway smooth muscle bundles has
been shown to correlate significantly with bronchial hyperre-
sponsiveness in asthmatics, implying their importance for the
pathophysiology of asthma.*'

The suppression of all symptoms of the asthma in the present
study was associated with reduced levels of the pro-inflammatory
cytokines (TNF-q, IL-6, and IL-1/3), the Th2 cytokines (IL-4,
IL-S, and IL13), and two Th17 cytokines (IL-17 and IL-17F) in
the splenocytes and BAL fluid (Figures S and 6). Treg cells also
play an important role in attenuating the allergic airway response
following oral treatment with HI-M1. Regulatory immune effects
of probiotics have been reported in other papers. Lim et al.'®
indicated that, following airway allergen challenge, the mice fed
heat-killed L. casei showed histological evidence of attenuation of
lung inflammation as well as a reduction in the total cell count
and Th2 count together with lower levels of pro-inflammatory
cytokines in BAL fluid. Forsythe et al.'> also reported that oral
treatment with live L. reuteri resulted in the attenuation of many
major characteristics of the asthmatic response in a mouse model
of allergic airway inflammation.

It is clear that certain functional properties of LAB are
dependent upon live organisms, whereas other immunostimula-
tory effects can be mediated by the heat-inactivated bacteria.*>>**
The effectiveness of heat-activated bacteria in our study corro-
borated the findings of our previous study,'*** in which a cell-
wall component, peptidoglycan (PGN), was found to be a likely
contributor to the anti-asthmatic effects of L. kefiranofaciens.
Chapat et al.>* also reported that bacteria cell-wall components
are effective in inhibiting contact dermatitis in mice. The amount
of PGN present in the cells might be one reason for the strain-
dependent nature of the effect on cytokine production stimulation.*
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Duration of exposure and dosage, both of which were eval-
uated in this study, showed a significant effect on the anti-allergic
asthma effects. Although all three lengths of feeding courses and
dosages have been used for diverse LAB strains in anti-allergic
studies,'” the increase in Treg cells and suppression of Th2 and
pro-inflammatory cytokines by L. kefiranofaciens M1 in allergic
asthma mice was only observed when the M1 strain were admin-
istered for an extended feeding period (32 days) (Figures 2—4)
and at higher dosages (Figures 5—8). This suggests that the con-
secutive administration of 10° CFU day™ ' mouse ' or higher of
L. kefiranofaciens M1 during sensitization and prior to airway
challenge for an extended period (32 days) is crucial to the
attenuation of the allergic airway response. Several trials that
studied the effect of probiotics on allergy prevention have also
revealed that the choice of probiotic strains as well as timing of
the intervention and the level of exposure are important
variables.”” Additionally, it is worth noting that the M1 fermen-
ted milk sample itself did not show the anti-asthmatic effects
compared to the positive control (Figures S—8). The low M1
dose (10° CFU day ' mouse ') present in this fermented-milk-
treated group may explain why it is ineffective. In addition,
previous studies also indicated that other molecules in fermented
milk, such as certain milk-derived proteins and their digests,***’
and the microbiota composition*’ could be the factors affecting
the anti-asthmatic responses.

When the results presented here are taken together, they
clearly demonstrated that oral treatment of heat-inactivated
L. kefiranofaciens M1 is able to reduce the AHR to methacholine
and depress the lung inflammation in OVA-allergic asthma mice
in a dose- and time-dependent manner. The prevention of the
development of allergen-induced sensitization and airway dis-
eases by HI-MI occurred via an elevation of Treg activity, a
suppression of Th2, pro-inflammatory, and Th17 cytokines in
BAL/splenocytes, and an inhibition of specific IgE production in
serum. These findings provide strong support for the hypothesis
that the intake of kefir lactobacilli, L. kefiranofaciens M1, may be
an effective approach to the alleviation of asthmatic symptoms.
Both exposure time and dosage are two important factors that
affect the anti-allergic asthmatic effectiveness of L. kefiranofaciens
MI. To the best of our knowledge, this is the first paper that
completely explores the anti-allergic asthma effects of heat-
inactivated Lactobacillus spp. isolated from kefir grain.
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