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1. Introduction

Prophylactic effects of oral administration of
Lactobacillus casei on house dust mite-induced
asthma in micef

Lingzhi Li,>® Zhifeng Fang,®® Yuan-Kun Lee, Jianxin Zhao, ©%"9 Hao Zhang, (& 24
Wenwei Lu (@ **P9 and Wei Chen®b4-€

This study investigated the prophylactic effects of five Lactobacillus casei strains on house dust mite
(HDM)-induced asthma in mice. BALB/c mice were orally administered with L. casei strains for one week
before HDM treatment. Ketotifen and Lactobacillus rhamnosus GG were used as positive controls. All
L. casei strains decreased the number of granulocytes and the levels of Th2 and Th17 inflammatory cyto-
kines in the lungs, L. casei3 significantly decreased the airway inflammation score. Further studies showed
that L. casei3, L. casei4, and L. casei5 decreased the chemokine levels, L. casei2, L. casei4, and L. casei5
promoted the secretion of secretory immunoglobulin A (slgA), L. casei2 upregulated the interleukin (IL)-
10 levels, and L. caseil had no effect on these immune indices. L. caseil and L. casei4 decreased the
serum levels of total IgE and HDM-specific 1gGl, respectively. L. casei3 and L. casei5 decreased both
HDM-specific IgG1 and total IgE levels. L. casei2 did not affect the levels of these immunoglobulins. The
gut microbiota analysis revealed that all five L. casei strains enhanced the richness of the gut microbiota
mainly by increasing the abundance of Firmicutes, while there were differences at the genus level.Thus,
the prophylactic effects of L. casei on HDM-induced mixed chronic airway inflammatory asthma exerted
as they differentially affected the immune responses and gut microbiota composition. L. casei3, which
exhibited the highest prophylactic effect, increased the acetate and propionate contents in a strain-
dependent manner.

chemokines of eosinophils promote the recruitment of eosino-
phils to the lung mucosa. These eosinophils secrete oxygen

Asthma is a complex disease that results from various host-
environment interactions." Previous studies have reported that
innate and adaptive immune responses contribute to the com-
plexity of asthma.>® The main characteristics of asthma
include abnormal epithelial barrier function® and mixed gran-
ulocytic inflammation, which is induced when eosinophilic
and non-eosinophilic asthma occur simultaneously." In
patients with eosinophilic asthma, the adaptive T helper 2
(Th2) cells secrete interleukin (IL)-5, IL-4, IL-13, and IL-9. IL-5
promotes the survival and maturation of eosinophils. The
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free radicals and toxic granules that lead to chronic airway
inflammation. In the B-cells, IL-4 promotes the synthesis of
immunoglobulin E (IgE), which binds to the IgE receptors
located on the mast cells. The cross-linking of allergen and IgE
promotes the secretion of biologically active mediators, such
as histamine, from the activated mast cells and promote
airway inflammation. However, there is limited understanding
of non-eosinophilic asthma.*® In addition to enhanced acti-
vation of macrophages and secretion of neutrophil chemo-
kines,® patients with neutrophilic asthma exhibit enhanced
secretion of Th17 or Thil cell inflammatory cytokines.’
Currently, the therapeutic strategies for asthma are limited
and mainly provide symptomatic relief.!

The gut microbiota can influence the development of the
host immune system. Germ-free (GF) mice, which do not have
a well-developed immune system, exhibit mucosal changes,
specific dysplasia of intestinal and mesenteric lymphoid
tissues, skewed T-cell populations in intestinal tissue,
decreased IgA production, and impaired resistance to
infection.> The intestinal and respiratory tracts have struc-
tural similarities as they have the same embryonic origin. The
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microbiota from the intestinal tract can enter the respiratory
tract via aspiration.” Hence, the gut microbiota plays an impor-
tant role in the pathogenesis of asthma. Recently, asthma was
reported to be associated with alterations in the gut micro-
biota, such as decreased microbial diversity,'® decreased abun-
dance of Lachnospira spp., Faecalibacterium spp., and Rothia
spp.,'" and increased abundance of total anaerobes in the
intestinal tract.”> Moreover, one study on 957 Dutch infants
revealed that the presence of Clostridium difficile in stool
samples was associated with an increased risk for developing
eosinophilic asthma.’ Previous studies have demonstrated
that restoring the gut microbiota composition can prevent
immune dysfunctions in mice.'* Therefore, the modulation of
the gut microbiota can be a potential prophylactic strategy for
asthma.

Probiotics (mainly Lactobacillus and Bifidobacterium) can
colonize the intestine and stimulate host immunity and affect
the gut microbiota composition."® Probiotic stimulation has
been shown to be beneficial in intestinal diseases, such as
inflammatory bowel disease,'® because probiotics could
enhance the intestinal barrier, increase the host’s antioxidant
status, modulate the gut microbial composition, and enhance
microbial metabolite levels (mainly short chain fatty acids
(SCFA)).'”'® Probiotic stimulation is also a potential thera-
peutic strategy for lung diseases. One study reported that the
supplementation of Lachnospira, Veillonella, Faecalibacterium,
and Rothia decreased the susceptibility to asthma.'!
Subsequently, some bacterial strains of probiotics are reported
to exert prophylactic effects on asthma by regulating the
asthma-related inflammatory responses, host immunity, and
gut microbiota.'®?° Therefore, it is crucial to identify
additional probiotics that exhibit prophylactic effects on
asthma.

Lactobacillus casei (L. casei) is a common species of
Lactobacillus and widely used as probiotics, particularly fer-
mented dairy products, with food safety confirmation from the
European Food Safety Authority. Some studies in mice have
shown that the oral administration of L. casei modulated the
composition of the gut microbiota and improved metabolic
and immune activity.>"**> Previously, we had reported that a
mixture of five L. casei strains exerted a prophylactic effect on
asthma.?® In this study, the prophylactic effect of these five
L. casei strains isolated from different regions and sources
(Table S1t) of China on house dust mite (HDM)-induced
asthma was individually evaluated with a special focus on
inflammation, immune response, and gut microbiota compo-
sition and metabolism. The findings of this study provide a
foundation for the application of probiotics as a prophylactic
for asthma.

2. Materials and methods

2.1. Propagation of L. casei strains

L. caseil (M2-07-F01-L4-2-1), L. casei2 (M2-06-F01-L4-2-3),
L. casei3 (CCFM1073), L. casei4 (RS8-5), and L. caseis5
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(FGDLZ41) were obtained from the Culture Collection of Food
Microbiology (CCFM) at Jiangnan University. The bacterial
strains were grown in MRS medium for 18 h at 37 °C under
static conditions. For the study, each candidate strain was
adjusted to a total number of 10° CFU for oral administration
to each mouse. The concentration of bacterial cells was deter-
mined using the gradient dilution method.

2.2. Animal experiments

All animal procedures were performed in accordance with the
European Community guidelines (directive 2010/63/EU) and
approved by the ethics committee of Jiangnan University (JN.
No. 20181030b0800221[231]). To minimize animal suffering,
all procedures were performed under anesthesia.

In the HDM-induced asthma model,** mice were exposed
intranasally to 25 pg of purified Dermatophagoides pteronyssi-
nus extract (Greer Laboratories Inc., Lenoir, NC, USA) dis-
solved in 10 pL sterile saline for 5 days per week from 0 to 5
consecutive weeks; control groups received 10 pL sterile saline.
Female Balb/c mice (5-6 weeks old) were obtained from
GemPharmatech Co., Ltd (Nanjing, China), housed under
specific pathogen-free conditions, and fed with an HDM-free
diet. After one week of acclimatization, the mice were ran-
domly divided into control, model, and five L. casei groups (six
animals per group). Each test mouse was administered 250 pL
of L. casei strain every day, starting one week before the first
sensitization and continued over the whole process; the
control and model animals received the same volume of sterile
saline. The parameters were analyzed at week 5 after the last
challenge (Fig. 1A).

2.3. Bronchoalveolar lavage fluid (BALF) and differential cell
counts

BALF was obtained three times using 1 mL PBS containing a
protease inhibitor using a tracheal cannula. Total leukocytes
were counted using the trypan blue stain (Solarbio, China),
and macrophages, lymphocytes, eosinophils, and neutrophils
were identified using the Diff-Quick stain kit (Solarbio, China)
by standard morphologic criteria, and 200 cells were counted.

2.4. Lung histology

The left lobes of the lung tissues were fixed with 4% parafor-
maldehyde, embedded in paraffin, cut (5 pm-thick), and
stained with hematoxylin and eosin (H&E). A pathologic slice
scanner was used. HE-stained sections were viewed and
random images were collected. The degree of histological
damage to the lung was determined in four individual mice of
each group. The qualitative airway inflammation score was
scored on a 0-4 scale for each mouse.*® All morphometric tests
were performed by trained individuals who were blinded to the
sample treatments.

2.5. Lung cytokine and chemokine analyses

Cell-free supernatant from BALF was frozen at —20 °C for cyto-
kine and chemokine measurements. The protein expression of
BALF cytokines was measured using commercial ELISA Kkits:
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Fig. 1 The ability of five Lactobacillus casei strains to decrease airway inflammation in house dust mite (HDM)-induced asthma mouse model. (A)
The timeline of HDM sensitization and challenge and the administration of five L. casei strains to the model. (B) Quantification of the total and differ-
ential cell counts in the bronchoalveolar fluid (BALF). (C) Airway inflammation in histologic lung sections subjected to hematoxylin and eosin stain-
ing. Scale bars, 50 pm. Inflammation score in the lung tissues. n = 4-6, *p < 0.05, **p < 0.01 vs. model. Data are represented as mean + standard

error of mean.

IL-13 and IFN-y (Senbeijia, China); IL-4 and IL-5 (Mlbio,
China); IL-9 (FCMACS, China); and IL-10 and IL-17A (R&D
Systems, Minneapolis, USA). The levels of chemokines, CXCL1,
and CCL11 (Senbeijia, China) were measured by ELISA.
Measurements were performed according to the manufac-
turers’ instructions.

2.6. Lung histamine and secretory immunoglobulin A (sIgA)
analyses

The weight of the lungs was determined during sample prepa-
ration to ensure that an equal amount of weight was applied
for histamine and sIgA measurements. The lung tissues were
homogenized in saline solution (1:9, w/v) using a Polytron
homogenizer (Scientz-48, China). The levels of histamine and
sIgA were measured using Mouse Histamine and sIgA ELISA
kits (Senbeijia Biotechnology Co., Ltd, China) according to the
manufacturer’s protocol.

2.7. Serum immunoglobulin analysis

The serum was frozen at —20 °C. Immunoglobulins were
measured using commercial ELISA kits. Total IgE was
measured using Mouse IgE ELISA kits (Senbeijia, China),
HDM-specific IgE, HDM-specific IgG1 and HDM-specific IgG2a
were measured using Mouse Serum Anti-HDM IgG1 and Anti-
HDM IgG2a Antibody Assay ELISA kits (Chondrex, Inc., USA).
Measurements were performed according to the manufac-
turer’s instructions.
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2.8. Short-chain fatty acid (SCFA) analysis

SCFA levels in caecum contents (50 mg) were measured using
the external standard method by gas chromatography-mass
spectrometry (GCMS-QP2010 Ultra, Shimadzu) using a pre-
viously described method.>®

2.9. Sampling, DNA extraction, amplicon sequencing, and
high-flux sequencing

Before the mice were sacrificed, the fecal samples were col-
lected in a sterile tube, snap-frozen, and stored at —80 °C. DNA
was extracted from the fecal samples using the Fast DNA
SPIN Kit for Feces (MP Biomedicals; Carlsbad, CA, USA), fol-
lowing the manufacturer’s instructions. The 16S rRNA
gene was subjected to PCR amplification using specific
primers for the V3-V4 region of bacterial rRNA (341F: 5
CCTAYGGGRBGCASCAG-3' and 806R: 5-GGACTACNNGGGTA-
TCTAAT-3'). The PCR products were purified using the TIANgel
Mini Purification Kit (Tiangen, Beijing, China). The purified
PCR products were quantified using the Qubit dsDNA HS
Assay Kit (Life Technologies Corporation, Carlsbad, CA, USA)
and QuantiFluor™-ST (Promega, USA). The amplicon libraries
were pooled in equimolar amounts and subjected to sequen-
cing on an Illumina MiSeq high-flux sequencing platform
(Mlumina, San Diego, USA). The sequencing data of 16S rRNA
were processed as described previously.>” Briefly, the sequen-
cing data were filtered, merged, and demultiplexed for quality
control. The raw sequence reads were clustered into oper-
ational taxonomic units (OTUs) at 97% similarity. The taxon-

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0fo01363c

Published on 16 September 2020. Downloaded by University of Liverpool on 1/17/2021 5:51:53 PM.

Food & Function

omy of the obtained OTUs was analyzed using the Ribosomal
Database Project (RDP) Classifier Bayesian Algorithm (http:/
rdp.cme.msu.edu/) against the SILVA 16S reference database.

2.10. Bioinformatic analyses

The dataset comprising 1102 685 high-quality (21 621 counts
per sample on average) classifiable read counts were generated
after Illumina MiSeq sequencing of 51 samples. The number
of counts in the samples ranged from 8238 to 45 973. All data
were subjected to total sum scaling (TSS) normalization. The R
phyloseq®® and vegan packages® were used to analyze the
community diversity profile. The data used for alpha diversity
analysis were not standardized. The differences between the
groups were analyzed by the Mann-Whitney/Kruskal-Wallis
(non-parametric) tests. Linear discriminant analysis (LDA)
effect size (LEfSe) was used to analyze the taxonomic differ-
ences between microbial communities.*® The LDA score was
computed for differentially abundant taxa between the two
groups. The statistical significance was determined based on
the following criteria: |log;, [LDA score]| >2.0 and p < 0.1. The
microbial function was predicted using PICRUSt (http:/hutten-
hower.sph.harvard.edu/galaxy).*

2.11. Statistical analysis

The animal experiment data were analyzed using GraphPad
Prism version 8 (La Jolla, CA, USA) and SPSS version 22.0 (SPSS
Inc., Chicago, IL, USA). The differences were compared using
one-way analysis of variance (ANOVA), followed by Duncan’s
multiple range test, and were considered statistically signifi-
cant at *p < 0.05 or **p < 0.01. The data are expressed as mean
+ standard error of mean (SEM). The analysis of the gut micro-
biota was performed using QIIME2 software.

3. Results

3.1. L. casei strains exert differential inhibitory effects on
airway inflammatory cells

The effect of five L. casei strains on asthma was individually
evaluated using an HDM-induced asthma mouse model
(Fig. 1A). The mice were treated with L. casei both before and
during exposure to HDM. Ketotifen and Lactobacillus rhamno-
sus GG (LGG) were used as positive controls. The L. casei-sup-
plemented groups exhibited decreased total bronchioalveolar
fluid (BALF) cell counts and decreased number of lympho-
cytes, eosinophils, and neutrophils, which are the major hall-
marks of airway inflammation, when compared with the
model group (Fig. 1B). However, the number of macrophages
was similar in L. casei-supplemented and model groups.
L. caseil, L. casei2, and L. casei4 significantly decreased the
number of eosinophils (p < 0.01), while L. casei5 significantly
decreased the number of neutrophils (p < 0.05). The L. casei3-
supplemented group exhibited significantly decreased number
of lymphocytes (p < 0.05) when compared with the model
group. Furthermore, the inflammation score of the L. casei3-
supplemented group (evaluation of HE-stained lung sections)

This journal is © The Royal Society of Chemistry 2020
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was lower than that of other L. casei strain-supplemented
groups (Fig. 1C). These results indicate that all five L. casei
strains exerted prophylactic effects on asthma by
decreasing the number of inflammatory granulocytes. The
highest inhibition of granulocytic inflammation was exhibited
by L. casei3.

3.2. Differential effects of L. casei strains on the immune
response in BALF

Medical consensus suggests that asthma can be prevented by
suppressing Th2 and Th17 cell responses. The levels of Th2
cytokines (IL-4, IL-5, IL-13, and IL-9) and Th17 cytokine
(IL-17A) were analyzed in the BALF. The model group exhibited
increased levels of Th2 and Th17 cytokines. L. casei2, L. casei3,
L. casei 4 and L. casei5 significantly decreased the levels of
IL-13 and IL-5 (p < 0.01 or p < 0.05). L. casei5 significantly
decreased (p < 0.01) the levels of IL-4. L. caseil and L. casei4
significantly decreased (p < 0.05) the levels of IL-9. L. casei3
significantly decreased the levels of both IL-4 (p < 0.01) and
IL-9 (p < 0.05) (Fig. 2A). All five L. casei strains significantly
decreased the levels of IL-17A (p < 0.01 or p < 0.05).

The decreased number of eosinophils and neutrophils
induced by L. casei strains may be caused by decreased pro-
duction of CCL11 (eotaxin-1) and CXCL1 (KC). Compared to
the model group, the protein levels of CCL11 were significantly
downregulated (p < 0.05) upon supplementation of L. casei3
and L. casei4, while those of CXCL1 were significantly downre-
gulated upon supplementation of L. casei3 (p < 0.05) and
L. casei5 (p < 0.01). Supplementation of L. caseil and L. casei2
did not affect the levels of these chemokines (Fig. 2C).

The levels of major asthmatic mediators in lung homo-
genates were also analyzed. All L. casei strains, except L. caseil,
significantly decreased (p < 0.05) the levels of histamine
(Fig. 2D). The levels of sIgA were significantly upregulated
upon supplementation of L. casei2 (p < 0.01), L. caseid (p <
0.01), and L. casei5 (p < 0.05) (Fig. 2E).

Probiotics are reported to suppress asthmatic immune
responses by inducing Treg (IL-10) cell responses. In this
study, L. casei2 markedly increased the levels of IL-10 (p <
0.01) (Fig. 2F).

These results indicate that L. casei exerted prophylactic
effects on asthma through various immunoregulatory mecha-
nisms in the respiratory tract.

3.3. L. casei strains differentially suppress asthma-related Igs
in the serum

The serum levels of asthma-related Igs were analyzed (Fig. 3).
The levels of total IgE and HDM-specific IgG1 in L. casei-sup-
plemented groups were downregulated when compared with
those in the model group. Supplementation with L. casei
strains did not affect the levels of HDM-specific IgG2a. HDM-
specific IgE was undetectable in any group. L. casei3 and
L. casei5 significantly decreased the levels of both total IgE and
HDM-specific IgG1. L. caseil significantly decreased (p < 0.05)
the levels of total IgE, while L. casei4 significantly decreased (p
< 0.01) the levels of HDM-specific IgG1. L. casei2 did not affect
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Fig. 2 Effect of five Lactobacillus casei strains on the levels of cytokines and immune mediators in the bronchoalveolar fluid (BALF) of house dust
mite (HDM)-induced asthma mouse model. (A) The levels of Th2 (interleukin (IL)-4, IL-5, IL-13, and IL-9) cytokines. (B) Th17 (IL-17A). (C) The protein
expression levels of CCL11 (eotaxin 1) and CXCL1 (KC). The levels of (D) histamine and (E) secretory immunoglobulin A (slgA). (F) The levels of T regu-
latory cell cytokine (IL-10). n = 6, *p < 0.05, **p < 0.01 vs. model. Data represent mean + standard error of mean.
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specific I9G2a, and HDM-specific IgG1/HDM-specific IgG2a in HDM-induced asthma mouse model. n = 6, *p < 0.05, **p < 0.01 vs. model. Data are

represented as mean + standard error of mean.

the levels of these indicators. In addition, HDM-specific 1gG1/
HDM-specific IgG2a was often used to evaluate the Th2/Th1
immune balance. This balance in L. caseil, L. casei3 and
L. casei5 groups were partly restored when compared with
those in the model group. These results indicate that the
different strains of L. casei exert differential prophylactic
effects on asthma through various immunoregulatory
mechanisms.
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3.4. Differential effects of L. casei strains on the composition
of the gut microbiota

The effects of L. casei on the gut microbiota were evaluated by
analyzing the overall microbiota diversity, including within-
group and across-group microbial diversities. The alpha diver-
sity indices, including Shannon, Chaol, and observed OTU
indices, were analyzed to examine the microbial diversity

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of five Lactobacillus casei strains on the composition of the gut microbiota in the house dust mite (HDM)-induced asthma mouse
model. (A) Boxplot for a-diversity measured based on observed, Chaol, and Shannon indices at the genus level. (B) Heatmap analysis of species
abundance clustering at the genus level. The heatmap shows the genera ranked based on abundance. Each row in the heatmap represents one
genus, while each column represents one group. The red to blue color bar indicates the relative abundance of each genus. n = 5-6. *p < 0.05, **p <

0.01.

within the group (Fig. 4A). The Shannon index metrics, includ-
ing the evenness and richness parameters, revealed that there
was no significant difference in the microbial diversity
between the L. casei-supplemented and model groups.
However, L. casei increased the Chaol and observed OTU (rich-
ness) indices. In the across-group microbial diversity analysis,
hierarchical clustering of the heatmap revealed significant
alterations in the abundance of genera, which resulted in dis-
tinct clustering of bacterial genera (Fig. 4B). Interestingly, the
microbial cluster of L. casei-supplemented groups was distinct
from that of the control and model groups. These results indi-
cate that the supplementation of L. casei increased the species
population of the gut microbiota in the model group, which
might further drive the formation of a new gut microbial
structure.

To directly determine the increased abundance of species
in the L. casei-supplemented groups, the composition of the
gut microbiota was analyzed. The analysis revealed that >80%

This journal is © The Royal Society of Chemistry 2020

of OTUs were assigned to Firmicutes and Bacteroidetes, which
concurred with the results of previous studies.>” Consistent
with the results of alpha diversity analysis, L. casei increased
the total number of gut microbiota (Fig. 5A and Fig. S17). The
most abundant phylum in the L. casei-supplemented groups
was Firmicutes. L. casei2, L. casei3, L. casei4, and L. casei5 sig-
nificantly increased (all p < 0.05) the abundance of
Proteobacteria, Actinobacteria (p < 0.01), Bacteroidetes (p <
0.01) and Proteobacteria, and Deferribacteres (p < 0.01)
(Fig. 5B-F), respectively.

Compared to the model group, the L. casei-supplemented
groups exhibited alterations in 28 genera (Fig. S2t). Of these
28 genera, 5 were differentially abundant in the control and
model groups. L. casei2 increased the abundance of
Turicibacter and decreased the abundance of uncultured_bacter-
ium. L. casei3 and L. casei4 increased the abundance of
Ruminococcaceae_ UCG_010. L. casei5 increased the abundance
of Ruminococcaceae_UCG_014. All five L. casei strains decreased
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Fig. 5 Effect of five Lactobacillus casei strains on the abundance of bacterial phyla in the house dust mite (HDM)-induced asthma mouse model. (A)
The abundance of bacterial phyla in the control, model, Ketotifen, Lactobacillus rhamnosus GG (LGG), and five L. casei supplementation groups. (B—
F) The abundance of (B) Firmicutes, (C) Bacteroidetes, (D) Proteobacteria, (E) Deferribacteres, and (F) Actinobacteria in each group. n = 5-6, *p <
0.05, **p < 0.01 vs. model. Data represent mean + standard deviation of mean.

the abundance of Bacteroides (Fig. 6A). The abundance of the follow-
ing four genera were markedly decreased in the L. casei-sup-
plemented groups: uncultured_Bacteroidales bacterium,
Ruminococcus 1, Anaeroplasma, and uncultured_organism (Fig. 6B).
The abundances of 19 genera were markedly increased in the
L. casei-supplemented groups. Of these 19 genera, the abundances
of 8 genera were increased in all L casei-supplemented groups,
while those of 11 genera were increased in some L. casei-sup-
plemented groups (Fig. 6C). Among the genera exhibiting increased
abundance, 80% belonged to the phylum Firmicutes (Fig. 6D).
ASF356, Pediococcus, Lachnospiraceae_ NK4B4._group,
Clostridium_sensu_stricto_1, and Coprococcus 2 were not detected in
the control or model groups. These results suggest that L. casei simi-
larly modulates the gut microbiota composition at the phylum level
but differentially modulates the gut microbiota at the genus level.

3.5. Differential effects of L. casei strains on gut microbiota
metabolism

Intestinal microbiota metabolism is closely related to the
development of asthma. Therefore, the gut microbial functions

9278 | Food Funct., 2020, 11, 9272-9284

were predicted using the 16S rRNA sequencing data in
PICRUSL. In total, 328 biological pathways were identified. The
heatmap and cluster analysis revealed distinct patterns of
metabolism in the control, model, and L. casei-supplemented
groups (Fig. 7A). This indicated that the alterations in the gut
microbiota composition affect the microbial metabolic pat-
terns. As shown in Fig. S3,1 compared to the model group,
L. caseil, L. casei2, L. casei3, L. casei4, and L. casei5 signifi-
cantly affected (all p < 0.05) 12, 53, 19, 1, and 12 biological
pathways, respectively. After filtering out the pathways associ-
ated with drug development human diseases, plant functions,
and organismal systems,”’ the altered pathways enriched in
the L. casei-supplemented groups were primarily associated
with carbohydrate (fructose and mannose metabolism and
pentose phosphate pathway), amino acid (valine, leucine, and
isoleucine degradation), and lipid metabolisms (alpha-linole-
nic acid metabolism, ether lipid metabolism, biosynthesis of
unsaturated fatty acids, and synthesis and degradation of
ketone bodies) and biosynthesis of other secondary metab-
olites (betalain biosynthesis and indole alkaloid biosynthesis)

This journal is © The Royal Society of Chemistry 2020
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(Fig. 7B). Additionally, the analysis of SCFA, which is the most
potent intestinal metabolites for alleviation of asthma,
revealed that L. casei3 increased the contents of acetate and
propionate (Fig. 7C).

4. Discussion

Probiotics have been reported to exert prophylactic effects on
autoimmune diseases, such as asthma, but the underlying
mechanisms are unknown.'**>%2° [, casei is a common pro-

This journal is © The Royal Society of Chemistry 2020

biotic and widely used in fermented dairy products. Some
studies have shown that it modulated the composition of the
gut microbiota and improved metabolic and immune
activity.>' > Previously, we had performed a large-scale screen-
ing of Lactobacillus strains and demonstrated that a mixture of
five L. casei strains exhibited prophylactic effects on asthma.>?
Here, we investigated the prophylactic effects of each of the
five L. casei strains on asthma. HDM-induced asthma is a well-
established mixed chronic airway inflammatory model in
female mice (the female is more sensitive than the male in
this model**) that results in simultaneous infiltration of eosi-
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nophils and neutrophils in the lungs. This model can compre-
hensively measure the prophylactic effects of L. casei on
asthma. The strains used in this study belonged to the same
Lactobacillus species, were isolated from infants or traditional
farming sites, and were orally administered to each mouse at
10° CFU (the right concentration to produce benefits®®). Thus,
analyzing the effects of individual strains on asthma in this
study can provide useful insights into the differential prophy-
lactic effects.

Herein, compared with Ketotifen and commercial strain
Lactobacillus rhamnosus GG, these strains exhibited prophylac-
tic effects on HDM-induced asthma in mice through different
modulatory mechanisms. In particular, L. casei3 (CCFM1073)
strain-dependently improved the composition and metabolite
production of the gut microbiota, and regulated the immune
response related to infiltration of eosinophils and neutrophils,
which might facilitate the highest prophylactic effect on
asthma through the gut-lung axis.

During the progression of asthma, enhanced secretion and
reciprocal regulation of Th2 and Th17 cell inflammatory cyto-
kines contribute to mixed eosinophilic and neutrophilic

9280 | Food Funct, 2020, 11, 9272-9284

inflammation. Currently, there are no therapeutic agents for
multiple phenotypes of asthma.' In this study, L. casei3,
L. casei4, and L. casei5 inhibited the infiltration of eosinophils
and neutrophils into the lung, which was consistent with the
suppression of chemokine production. However, L. caseil and
L. casei2 did not suppress the production of chemokines,
which indicated that these L. casei strains inhibited eosinophi-
lic and neutrophilic asthma through a mechanism that was
not dependent on the suppression of chemokine production
in mice. The pathogenic mechanism of asthma indicates that
targeting systemic immunity and mucosal immunity can sim-
ultaneously affect the production of Th2 and Th17 cell cyto-
kines and related signaling pathways, and L. casei is reported
to regulate the immune response in humans.”>***® The Treg
cells, which are involved in systemic immunity, regulate mul-
tiple immunological processes. In asthma, impairment of Treg
cell numbers is associated with increased secretion of T-cell
inflammatory cytokines and asthma-related Igs.>” IL-10 is the
main cytokine produced by Treg cells. In this study, HDM sig-
nificantly decreased the levels of IL-10, which was increased
upon supplementation of L. casei2. This indicated that probio-

This journal is © The Royal Society of Chemistry 2020
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tics exert prophylactic effects on asthma by promoting Treg
cell response, which is consistent with the previous studies.*®
IgA is the major mediator of mucosal immunity.>® Several
studies and clinical reports have demonstrated that IgA is
associated with innate receptor signaling in T-cells.?®
Additionally, the low levels of intestinal and salivary sIgA are
reported to be associated with an increased risk for developing
asthma.?*™*? The BALF of the model group exhibited low levels
of sIgA in this study. However, the supplementation of
L. casei2, L. casei4, and L. casei5 increased the levels of sIgA in
the BALF. To our knowledge, we firstly demonstrated the
ability of probiotics to enhance sIgA levels under asthmatic
conditions, which might be beneficial for asthma prophylaxis.
These findings suggest that different strains of L. casei exert
prophylactic effects on asthma through various immunoregu-
latory mechanisms.

Some studies have demonstrated that the development of
asthma is dependent on the distinct diversity and composition
of the gut microbiota during early life."*""** Probiotics includ-
ing L. casei are reported to have modulatory effect on the gut
microbiota.'>'°? In this study, the diversity of the gut micro-
biota in L. casei-supplemented groups was higher than that in
control and model groups. Additionally, the composition of
the gut microbiota in L. casei-supplemented groups was
different from that in the control and model groups. This is
inconsistent with the results of previous studies, which
reported that probiotics could restore the gut microbial struc-
ture of the control group.'’ This may be due to the ability of
L. casei to promote the growth of Firmicutes (>80%). However,
Firmicutes exhibiting increased abundance in the L. casei-sup-
plemented groups belong to 20 bacterial genera. Recent
studies have suggested that the immune dysfunctions are
associated with changes in the abundance of specific gut bac-
terial genera.'* Hence, the distinct immunoregulatory activi-
ties mediated by prophylactic effects of L. casei on asthma may
be associated with these distinct bacterial genera.

However, the bacteria exerting protective or harmful effects
on asthma have not been identified, especially on eosinophilic
and neutrophilic asthma. Inflammation is reported to provide
a favorable environment for opportunistic pathogens, such as
Turicibacter,*™*> which is reported to be abundant in patients
with rheumatoid arthritis.”® Moreover, the members of the
Erysipelotrichaceae family, including Turicibacter, which are
enriched in patients with colorectal cancer,”’**® can induce
immune hyperactivation®® resulting in the development of
asthma. Here, the abundance of Turicibacter was low (only 2%)
in the control group. However, the exposure to HDM increased
the abundance of this genus, which is consistent with the
results of our previous study.>® This indicated that Turicibacter
can be a biomarker for the development of asthma in mice.
Moreover, L. casei2 decreased the abundance of Turicibacter in
the HDM-induced allergy mouse model, which indicated that
specific L. casei could inhibit the growth of opportunistic
pathogen.

The members of the Gram-positive Lachnospiraceae family,
which colonize the inner mucus layer and are in close contact

This journal is © The Royal Society of Chemistry 2020
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with the host mucosa, may protect the mucosal barrier by
increasing the IgA levels.’>>" Additionally, the members of the
Lachnospiraceae are reported to be immunogenic, and
promote Th1 response and inhibit Th2 response.’>* Thus,
the members of Lachnospiraceae could enhance the mucosal
barrier function and promote the positive differentiation of
T-cells under asthmatic conditions. In this study, the abun-
dance of the members of Lachnospiraceae was markedly high
in all L. casei-supplemented groups. However, different strains
of L. casei differentially affected the members. Of note, among
these members the ASF356, Lachnospiraceae NK4B4_group,
and Coprococcus_2 were not detected in the control or model
groups. This suggested that the mechanism underlying the
prophylactic effect of L. casei on asthma involves enhancing
the growth of beneficial bacteria. However, these results
remain at the genus level and further metagenomics studies
are needed.

The gut microbiota also produces metabolites, which inter-
act with the host. These interactions are observed not only in
the intestinal tract but also in surrounding tissues, such as the
lungs. This study showed that all L. casei altered the metabolic
pattern of the gut microbiota, which is consistent with the
earlier studies.””** Previous studies have reported that chil-
dren with asthma undergoing treatment exhibited altered
carbohydrate and lipid metabolisms.>®  Furthermore,
Firmicutes play an important role in modulating carbohydrate
and lipid metabolisms.*>® In this study, L. casei2, L. casei3,
and L. casei5 promoted the metabolism of carbohydrates and
lipids and the growth of Firmicutes. SCFA, as an end-product
of carbohydrate and lipid metabolisms, is a potential immuno-
modulator that decreases the susceptibility to asthma by mod-
ulating airway inflammation®® and regulating Treg cell expan-
sion.®® The decreased levels of acetate and propionate in the
model group were increased upon supplementation of
L. casei3. This indicated that the fermentative efficiency of
carbohydrates and lipids was enhanced upon L. casei sup-
plementation by promoting the growth of Firmicutes.
Subsequently, the corresponding increased production of
metabolites, such as SCFA could protect against asthma.
Additionally, the induction of biosynthesis of indole alka-
loid,°" valine, leucine, and isoleucine®® is reported to protect
against asthma. In this study, the levels of these metabolites
were upregulated upon supplementation of L. casei2 or
L. casei5. These results suggest that the prophylactic effects of
L. casei strains on asthma may be mediated by their differen-
tial ability to modulate carbohydrate, lipid and amino acid
metabolisms.

5. Conclusions

This study demonstrated that five different strains of L. casei
exhibited prophylactic effects on mixed chronic airway inflam-
matory asthma in model mice by intraspecific independent
regulation of immune responses and the gut microbiota com-
position and metabolism. Among the five strains, L. casei3 (L.
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casei CCFM1073) exhibited the highest prophylactic effect on
asthma. This study provides the potential resources for the
application of probiotics as a prophylactic for asthma. Further
studies based on these results will help elucidate the mecha-
nism underlying the prophylactic effect of probiotics on
asthma and other autoimmune diseases.
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File Name : fig.s1.tif

Caption : figure s1. effect of five lactobacillus casei strains on the abundance of bacterial genera in house
dust mite (hdm)-induced allergy mouse model. the abundance of bacterial genera in the control, model,
ketotifen, lactobacillus rhamnosus gg (Igg), and five I. casei-supplemented groups. n=5-6.

File Name : fig.s2.tif

Caption : figure s2. comparative analysis of bacterial genera from the control, model, ketotifen,
lactobacillus rhamnosus gg (Igg), and five lactobacillus casei-supplemented groups. the red box represents
significant enrichment, while the blue box represents a significant decrease in the group when compared in
pairs. n=5-6, |log10 [linear discriminant analysis (Ida) score]| 2 2.0, p < 0.1.

File Name : fig.s3.tif

Caption : figure s3. comparative kyoto encyclopedia of genes and genomes (kegg) pathway analysis of the
bacterial metabolism in the control, model, ketotifen, lactobacillus rhamnosus gg (lgg), and five
lactobacillus casei-supplemented groups. n=5-6, p < 0.05.
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Table S1. Strains used in animal experiments

Group Strain Source

L. caseil M2-07-F01-L4-2-1 Human feces

L. casei2 M2-06-F01-L4-2-3 Cow dung

L. casei3 CCFM1073 (JS-WX-3-L-3) Infant feces

L. casei4 RS8-5 Fermented milk

L. casei5 FGDLZ41 Infant feces
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