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Abstract: Influenza A virus induces severe respiratory tract infection and results in a serious global
health problem. Influenza infection disturbs the cross-talk connection between lung and gut. Probiotic
treatment can inhibit influenza virus infection; however, the mechanism remains to be explored. The
mice received Lactobacillus mucosae 1025, Bifidobacterium breve CCFM1026, and their mixture MIX for
19 days. Effects of probiotics on clinical symptoms, immune responses, and gut microbial alteration
were evaluated. L. mucosae 1025 and MIX significantly reduced the loss of body weight, pathological
symptoms, and viral loading. B. breve CCFM1026 significantly reduced the proportion of neutrophils
and increased lymphocytes, the expressions of TLR7, MyD88, TRAF6, and TNF-« to restore the
immune disorders. MIX increased the antiviral protein MxA expression, the relative abundances of
Lactobacillus, Mucispirillum, Adlercreutzia, Bifidobacterium, and further regulated SCFA metabolism
resulting in an enhancement of butyrate. The correlation analysis revealed that the butyrate was
positively related to MxA expression (p < 0.001) but was negatively related to viral loading (p < 0.05).
The results implied the possible antiviral mechanisms that MIX decreased viral loading and increased
the antiviral protein MxA expression, which was closely associated with the increased butyrate
production resulting from gut microbial alteration.

Keywords: influenza A virus; probiotic; immune response; gut microbiota; butyrate

1. Introduction

Influenza A virus causes many types of host infections, including mammals such
as pigs, whales, and humans, induces severe respiratory tract infection, and results in
more than 500,000 annual deaths worldwide [1]. It has been attracted worldwide attention
because of the rapid mutation, especially the high mortality and prevalence of animal-
derived influenza virus. The influenza virus is mainly transmitted through aerosol and
droplet [2]. Sugar chains containing sialic acid on the surface of the cell membrane is the
receptor of the influenza virus, and it mediates the viral replication and reproduction in the
cell [3]. The hemagglutinin of the viral membrane binds to the receptor on the respiratory
mucosal epithelial cells and leads to the typical symptoms of infection including fever,
headache, fatigue, and anorexia. These symptoms are closely associated with immune
responses including innate immunity and adaptive immunity.

Foods 2021, 10, 902. https:/ /doi.org/10.3390/foods10040902

https:/ /www.mdpi.com/journal/foods


https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0002-7600-4740
https://doi.org/10.3390/foods10040902
https://doi.org/10.3390/foods10040902
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/foods10040902
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods10040902?type=check_update&version=2

Foods 2021, 10, 902

20f16

Previous studies have found that there is a bidirectional connection between the lung
and gut and thus establish the lung-gut axis [4]. Gut dysbiosis affects the respiratory
inflammation and results in diseases including allergic asthma and idiopathic pneumonia
syndrome [5]. The gut and lung are parts of the mucosal immune system and act as a
shared immunological interface [6,7]. Therefore, immune dysregulation of gut microbiota
may affect the immune responses in the lung. Treatment with intestinally localized an-
tibiotics is closely associated with lung inflammatory markers and histologic symptoms
of infiltratory cells in ischemia reperfusion-induced lung inflammation [8]. This suggests
that gut microbiota strongly influences immune responses in the lung and potentially
be a target to alleviate the pulmonary inflammatory response. Furthermore, gut micro-
biota increases the lung defense against bacterial challenge through Toll-like 4 receptors
signaling [9]. Collectively, gut microbiota plays a critical role in the intestinal mucosal
immunity and its homeostasis is important for the crosstalk of lung—gut axis. Influenza A
virus-induced respiratory infection disturbs the balance between the lung and gut bacteria
and affects their cross-talk connection. Alteration of the gut microbiota in patients with
coronavirus disease 2019 (COVID-19) or HIN1 influenza has been explored, suggesting
that the intestinal microbiota dysbiosis might be associated with COVID-19 infection or
H1NT1 influenza [10]. Therefore, re-establishing gut microbial balance may contribute to
the alleviation of patients with influenza A infection.

To regulate gut microbial balance, many approaches, such as prebiotic supplement and
probiotic treatment, have been applied to both animal experiments and clinical trials [11,12].
Particularly, probiotics, severing as a common gut microbial regulator, affect the gut
microbial diversity, structure, and composition. Probiotic treatment is able to alter the
metabolic activity of gut microbiota and the metabolites including short-chain fatty acids
(SCFA), are closely associated with the host immune response [13,14]. Butyrate is the major
energy for proliferation and differentiation of colonocytes and exerts its anti-inflammatory
effects via suppressing production of proinflammatory molecules such as TNF-«, IL-13,
and NF-kB and increasing IL-10 production [15]. Additionally, a study has reported
that Bifidobacterium longum 35624 significantly reduces viral load within the lung and
improves the survival of mice via reducing IL-6 and type 1 and 2 interferon (IFN) levels
and increasing IFN-A and surfactant protein D [16]. Therefore, the probiotic treatment also
affects the correlations related to immune response and pathological indicators between gut
and lung. However, the mechanism varies with different probiotic strains on alleviating
influenza virus infection. Heat-killed Lactobacillus plantarum L-137 decreases the viral
titers in the lung and increases the survival time of mice after influenza virus A/FM/1/47
(H1IN1) infection [17]. B. longum BB536 treatment reduces the loss of body weight and
viral proliferation and decreases the interleukin-6 (IL-6) and interferon-y (IFN-y) levels to
alleviate symptoms of influenza virus infection [18]. Therefore, combining with the changes
in gut microbiota, the antiviral characters of different probiotics need to be further explored.

In this study, influenza A virus A/FM1/47 (H1IN1) was used to induce respiratory
infection in a mouse model. This model was used to evaluate the effects of Lactobacillus
mucosae DL3-9 (1025) and Bifidobacterium breve GuXi-2016-6-7 (CCFM1026) on the clini-
cal symptoms, immune responses, and gut microbial alteration. To further reveal the
mechanism of probiotics on alleviating influenza virus infection, the gut microbial SCFA
metabolism was measured and established the correlation with the disease indicators.

2. Materials and Methods
2.1. Bacterial Strains

L. mucosae 1025 and B. breve CCFM1026 were stored at the Culture Collection of Food
Microorganisms (CCFM) in Jiangnan University (Wuxi, Jiangsu, China). L. mucosae 1025
was cultured in de Man, Rogosa and Sharpe (MRS) broth (Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China) at 37 °C for 16 h. B. breve CCFM1026 was cultured
in MRS broth with 0.05% (w/v) L-cysteine-HCI (Sinopharm Chemical Reagent Co., Ltd.,
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Shanghai, China) at 37 °C for 48 h in an anaerobic incubator (AW5005SG, Electrotek England,
Shipley, UK).

2.2. Animals and Treatment

ICR mice (3 week old, female) were purchased from the Comparative Animal Medicine
Center of Yangzhou University (Yangzhou, Jiangsu, China) and kept in a facility with a
controlled light cycle (12 h/12 h light/dark), temperature (25 & 2 °C), and humidity level
(50%). Mice were fed standard commercial chow and water ad libitum. The experiment
lasted for 26 days. After 1 week adaptation, 48 mice were divided into the 6 groups (n = 8):
control, model, positive control ribavirin (Sigma Aldrich Co., Ltd., St. Louis, MO, USA,
Ribavirin), L. mucosae 1025 (L1025), B. breve CCEM1026 (CCFM1026), and the mixture
(L. mucosae 1025: B. breve CCFM1026 = 1:1, MIX) (Figure 1). Except for the control group, all
other mice were infected with a dose of 5-times the 50% lethal dose (5LD50) of the influenza
A virus A/FM1/47 (H1IN1), a mouse lung adaptive strain, which was provided by the Key
Laboratory of Avian Infectious Diseases, Ministry of Agriculture, Yangzhou University.
On day 22, after anesthetized, the mice were injected with 10 pL virus via nasal feeding
for 5 days. The probiotic suspension of 0.2 mL (1 x 10° CFU) was orally administrated
for 19 days (after adaptation), and the number of living bacteria were determined using
the plate counting method. The ribavirin group was orally administered with ribavirin
after infection. The mice in the control and model group were received an equal volume
(0.2 mL) of saline in the experimental period.

Sterile saline (0.2 mL/d/mouse) I Control group (n=8)

Lactobacillus mucosae 1025 (0.2 mL/d/mouse) i L1025 group (n=8)

CCFM1026 group (n=8)

MIX group (n=8)

Administered intragastrically N

Adaptation :; Sacrifice
< — |
1 T Injected with 1 1
7d 22d . th 26d 27d

influenza A virus
AIFM1/4T (10 L)

Figure 1. The flow of animal experiment.

2.3. Change in Weight
On the days 22, 24, 25, 26, the weight of mice was measured for calculating the change.

2.4. Lung Histopathology

A pathological picture of the lung was collected using a digital camera (D750, Nikon
Corp., Tokyo, Japan) at the day 27 (sacrifice). Lung samples were fixed and embedded
using formalin and paraffin (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China),
respectively. The thickness of the lung slice was 5 pm and stained with hematoxylin and
eosin (HE, Yulu Laboratory Equipment Co., Ltd., Nanchang, Jiangxi, China). Photomicro-
graphs (original magnification = 400x) were obtained using a digital scanner (Pannoramic
MIDI, 3DHistech Ltd., Budapest, Hungary).
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2.5. Virus Loading, MxA, and Immune Indicators Measurement

The expressions of MxA, TLR7, MyD88, TRAF6, and TNF-« were determined using
quantitative real-time PCR (qPCR). Changes in viral nuclear proteins (NP) was used to
characterize virus loading. After sacrifice, the lung section was collected and homogenized
with 0.01 M phosphate-buffered saline (pH 7.20) at 65 HZ for 10 min. RNA was extracted
from the lung tissues using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA,
USA) according to the manufacturer’s instruction. The qPCR was performed using iTaq
Master SYBR Green Super Mix (Bio-Rad, Hercules, CA, USA) in a RT-PCR system (Thermal
cycler CFX96, Bio-Rad, Hercules, CA, USA). The relative expression of genes was normal-
ized to that of GAPDH and calculated according to the 2~22CT approach. Primers used are
shown in Table 1.

Table 1. Information for primer sequences.

Primers Forward/Reverse Sequence (5’ to 3')
GAPDH Forward AGAGTGGGAGTTGCTGTTG
Reverse GCCTTCCGTGTTCCTACC
NP Forward GGCACCAAACGGTCTTACGA
Reverse TCACCTGATCAACTCCATTACCA
MxA Forward CCAACTGGAATCCTCCTGGAA
Reverse GCCGCACCTTCTCCTCATAG
TLR7 Forward GATCGTGGACTGCACAGACA
Reverse CAGATGGTTCAGCCTACGGA
MyD88 Forward ACTTGTTAGACCGTGAGGAT
Reverse CTCGGACTCCTGGTTCTG
TRAF6 Forward TCTGCTTGATGGCTTTACG
Reverse ACCGTCAGGGAAAGAATCT
TNF- Forward GGGCTACAGGCTTGTCACTCG
Reverse ACTCCAGGCGGTGCCTATGTC

2.6. Blood Cell Analysis

After sacrifice, blood samples of mice were collected in the anticoagulation tube with
EDTA-K2 at room temperature. After mixing, blood cell analysis (50 pL sample) was
performed using an automatic hematology analyzer (BC-5000 vet, Shenzhen Mindray
Biomedical Electronics Co., Ltd., Shenzhen, China) to reveal the alteration in the proportion
of lymphocytes and neutrophils.

2.7. Gut Microbial Profiling

DNA from the feces was obtained using a FastDNA spin kit for feces (MP Biomedicals,
Santa Ana, CA, USA) according to the manufacturer’s instructions. The V3-V4 region
of the 165 rRNA gene was amplified (341F and 806R) and sequenced using the Illumina
sequencing platform (MiSeq, [llumina Co., Santiago Canyon, CA, USA). Briefly, PCR prod-
ucts were excised from a 2.0% agarose gel (Sangon Biotech, Sangon Biotech (Shanghai) Co.,
Ltd., Shanghai, China) and purified using TIANgel mini purification kit (Tiangen, Tiangen
Biotech (Beijing) Co., Ltd., Beijing, China). DNA concentration was measured using the
Qubit BR dsDNA assay. Libraries were prepared using TruSeq DNA LT sample prepa-
ration kits (Illumina) and sequenced for 500 + 7 cycles on the MiSeq platform (Illumina)
using the MiSeq reagent kit (Illumina). 16S rRNA sequence data were measured using
the QIIME pipeline. The raw sequences were screened (low-quality (score < 30) and short
length (<200 bp) sequences were abandoned) and the qualifying sequences were spliced.
Sequences with similarity >97% were clustered into operational taxonomic units (OTU)
and representative sequences of each cluster were used to classify bacterial taxa.

2.8. Change in SCEA Metabolism

SCFA concentrations were calculated using the external standard method and mea-
sured using gas chromatography-mass spectrometry (GCMS-QP2010 Ultra, Shimadzu
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Corp., Kyoto, Japan) referring to the previous study [19]. Briefly, colonic contents (25-50 mg)
were mixed with a 500 pL saturated NaCl solution (Sinopharm) for 30 min. Then, the
samples were acidified with 40 pL of 10% sulfuric acid (Sinopharm), and 1000 pL ether
(Sinopharm) was added for SCFA extraction. The mixture was centrifuged at 12,000x g
for 15 min at 4 °C (5424, Eppendorf Co., Hamburg, Germany). The supernatant was trans-
ferred to the gas-phase vial for GC-MS analysis. The injection temperature was 240 °C, 1 uL
prepared sample was injected and separated on a Rtx-Wax column (30 m x 0.25 mm (inter-
nal diameter), 0.25 um, Shimadzu) with helium as the carrier gas (flow rate: 2 mL/min,
split ratio: 10:1). The GC temperature program was as follows: a temperature ramp from
100 to 140 °C at the rate of 7.5 °C/min and increased to 200 °C by 60 °C/min, and then
the temperature was maintained for 3 min. The ionization temperature was 220 °C. The
standards of acetic acid, propionic acid, and butyric acid (Sigma-Aldrich) were mixed and
used at different concentrations and measured with the same conditions. The peak of each
sample was compared to the same standard peak to obtain the concentration of each of
the SCFA.

2.9. Statistical Analysis

The statistical analyses were processed using GraphPad Prism 8 (GraphPad Inc.,
La Jolla, CA, USA). Data are shown as the mean + SD. The network correlation between
variations was done using R (version 3.5.1, corrplot package). p < 0.05 was considered
statistically significant.

3. Results
3.1. Probiotic Mixture Suppressed the Loss of Body Weight

To explore the effects of the virus on the body weight of mice during probiotic treat-
ments, the weight change was measured on days 22, 24, 25, and 26 (Figure 2). The weight
of all mice was decreased after the virus treatment in the model group, but it kept stable in
the control and MIX groups (Figure 2A). The weight of mice was increased on day 24 but
decreased on day 25 and then kept stable in the L1025 group (Figure 2B). However, B. breve
CCEM1026 could not reduce the sustained weight loss. On days 25 and 26, the weight was
significantly lower (88.1% =+ 4.40% and 89.2% = 8.08%, respectively) than that on day 22
(100%) in the model group (Figure 2B). The weight loss occurred on day 25 in the model
(88.1% = 4.40%), ribavirin, L1025, and CCFM1026 groups, and particularly, the weight of
mice was significantly lower than that on day 24 in the model group (98.1% = 6.34%). The
results showed that L. mucosae 1025 and the probiotic mixture had the potential to prevent
and suppress weight loss caused by virus infection.

3.2. Probiotic Mixture Improved the Pathological Features of Lung

The influenza virus infection commonly causes inflammation in the lung. Therefore, to
reveal the effects of probiotic strains on the pathological symptoms of lung, the pathological
picture and HE staining of the lung were performed (Figure 3). After the virus infection,
there was severe inflammation in the lung of mice in the model group and the collapsed
structure led to the lung atrophy (Figure 3A). On the contrary, the lung structure of
mice was intact and had no inflammatory infiltration in the control group. Ribavirin
treatment suppressed the inflammation and maintained the integrity of the lung. Probiotic
groups (L1025, CCFM1026, and MIX) were similar to the ribavirin group, and they had
the potential to improve the lung pathological features. HE staining showed that there
was no inflammation on the trachea and bronchus and the alveoli were intact in the
control group (Figure 3B). While in the model group, the structure of the trachea was
seriously damaged (black arrow) and there were no intact alveoli, L. mucosae 1025 and
MIX treatments significantly suppressed the inflammation on the trachea and restored
the integrity of alveoli. B. breve CCFM1026 treatment maintained the integrity of the
trachea and had alleviating effects on the lung pathological symptoms, although there was
inflammatory infiltration in the lung.
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Figure 2. Change in body weight of mice (A). Changes in body weight of every mouse (B). Changes in weight of mice in
each group, and statistical analysis for the model group: **, day 25 vs. day 22; #, day 25 vs. day 24; and p = 0.07, day 26 vs.
day 22 (two-way ANOVA and Tukey’s multiple comparisons).

A Control Model Ribavirin

Iz
A
,J'C*.{.f;)}sﬁx
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11025

Figure 3. Pathological features of lung. (A) Pathological pictures of the lung. (B) HE (hematoxylin
and eosin) staining for the lung sections; the arrows indicate inflammatory infiltration and abruption
of the bronchial epithelium. Scale bar = 200 um, original magnification = x400.
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3.3. Probiotic Strains Regulated Systemic Immune Responses

To explore the effects of probiotic strains on inflammatory responses, alteration in the
proportion of lymphocytes and neutrophils in serum was determined. Compared to the
control group (70.4% =+ 6.05%), the number of lymphocytes was decreased after influenza
virus infection in the model group (41.0% =+ 17.1%), but they were significantly restored
using ribavirin (63.7% =+ 7.85%) and B. breve CCFM1026 (59.1% =+ 1.52%) treatments
(Figure 4A). L. mucosae 1025 and MIX treatments increased the proportion of lymphocytes
although there was no statistical significance. The proportion of neutrophils increased in
the model group (54.4% =+ 18.2%) versus the control group (25.9% =+ 5.84%) (Figure 4B).
Ribavirin (31.7% =+ 5.91%) and B. breve CCEM1026 (37.1% =+ 2.19%) treatments significantly
reduced the number of neutrophils versus the model group. However, L. mucosae 1025
and MIX could not significantly suppress the increase in the proportion of neutrophils.
The results demonstrated that probiotic treatments improved virus infection-induced
inflammatory responses in mice.

B
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Figure 4. Alteration in systemic immune responses. (A) The proportion of lymphocytes. (B) The proportion of neutrophils.
The statistical difference was evaluated using one-way ANOVA and post hoc Fisher’s least significant difference (LSD) tests

(*, ** vs. the model group).

3.4. Probiotic Strains Affected the Antiviral Signaling Pathway

To explore the effects of probiotic strains on the virus and antiviral indicator, expression
of the viral loading and an antiviral protein MxA were measured. Compared to the model
group, L. mucosae 1025 and MIX treatments significantly decreased the viral loading but
CCFM1026 could not (Figure 5). L. mucosae 1025 and B. breve CCFM1026 did not affect
MXxA expression. However, MIX treatment significantly increased the MxA expression. The
results showed that the mechanisms for alleviating influenza virus infection were different
between these probiotic strains and the mixture MIX had the more potential to defense
and clear the virus in the host. Therefore, we next determined the expression of indicators
in the antiviral signaling pathway TLR7-MyD88-TRAF6. B. breve CCFM1026 significantly
increased the expressions of TLR7, MyD88, TRAF6, and TNF-« versus the model group and
affected the signaling pathway (Figure 5). L. mucosae 1025 significantly increased the TRAF6
levels but did not affect other indicators in this pathway. However, there was no effect of
MIX on the expressions of these indicators. These results provided further evidence that
probiotic strains exerted the strain-specific alleviating effect on influenza virus infection
and related to different mechanisms for defending against influenza infection.
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Figure 5. Alteration in indicators related to the antiviral signaling pathway. The statistical difference was evaluated using
one-way ANOVA and Dunnett’s multiple comparisons test (*, **, ***, p < 0.0001 vs. the model group).

3.5. Probiotic Strains Altered the Gut Microbial Composition
3.5.1. Changes in the Phylum Level

To explore the effects of probiotics on gut microbiota at the phylum level 16S rRNA
amplification sequencing analysis was performed. At the phylum level, Bacteroidetes,
Firmicutes, and Proteobacteria were the major components in all groups, and particularly,
Deferribacteres was one of the important constituents in all groups except for the model
group (Figure 6). Compared to the control group, the proportion of Bacteroidetes was
increased but Firmicutes and Deferribacteres were decreased after influenza virus infection
in the model group (Firmicutes / Bacteroidetes ratio (F/B) = 0.38). L. mucosae 1025 restored
the relative abundances of Firmicutes and Deferribacteres and increased Firmicutes versus
the model group. However, B. breve CCFM1026 increased the proportion of Bacteroidetes
and decreased Firmicutes, and the ratio of Firmicutes/Bacteroidetes was 0.32. The structure
and composition of gut microbiota in the B. breve CCEM1026 group were similar to the
model group. The effects on gut microbial alteration were different between L. mucosae
1025 and B. breve CCFM1026 and this might be one of the reasons for the difference in
alleviating mechanisms between the two strains. MIX treatment significantly decreased
the proportion of Bacteroidetes but increased Firmicutes and Deferribacteres and restored the
gut microbial dysbiosis. The results showed that probiotic treatments significantly affected
the gut microbial composition and metabolic functions contributing to the difference in
alleviation of infection.
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Figure 6. Changes in gut microbiota at the phylum level.

Model

3.5.2. Clustering Analysis at the Genus Level

To reveal the altered gut microbiota at the genus level, a heatmap related to clus-
tering analysis was established. The heatmap showed that the MIX and control groups,
L1025 and ribavirin groups, and CCFM1026 and model groups were clustered together
on a branch (Figure 7). Overall, there were similarities in the composition at the genus
level between the three clustered groups. In the model group, the relative abundances
of Bacteroides, Prevotella, Blautia, Coprobacillus, Parabacteroides, and Ruminococcus were in-
creased but they were decreased in the control group. Anaeroplasma, Candidatus Arthromitus,
Dehalobacterium, Odoribacter, and Corynebacterium were increased in the control group.
L. mucosae 1025 treatment increased the proportion of Oscillospira, Clostridium, Bilophila,
and Helicobacter but B. breve treatment increased Odoribacter and Staphylococcus. MIX treat-
ment significantly affected the gut microbial composition and this was consistent with the
changes of microorganism at the phylum level. There were increases in 9 genera including
Lactobacillus, Bifidobacterium, Allobaculum, Desulfovibrio, Coprococcus, Sutterella, Mucispirillum,
Adlercreutzia, and Enterococcus in the MIX group. The results showed that probiotic strains
exerted different effects on alteration in gut microbial structure and composition and thus
had their unique mechanism of actions on preventing influenza infection.

3.6. Probiotic Strains Affected SCFA Production and the Correlation with Disease Indicators

Probiotic treatments altered gut microbial composition and thus affected their metabolic
activities including SCFA metabolism. To determine the alteration in SCFA, the concentra-
tions of acetate, propionate, and butyrate were measured. Compared to the model group,
L. mucosae 1025, B. breve CCFM1026, and MIX treatments increased the concentration of
acetate and propionate although there was no statistical significance (Figure 8A). L. mucosae
1025 and B. breve CCFM1026 could not affect the butyrate production, but MIX treatment
(3.9 & 0.39) significantly increased the concentration of butyrate versus the model group.
The results showed that probiotic treatments altered the metabolism of gut microbiota, and
particularly, the mixture of L. mucosae 1025 and B. breve CCFM1026 significantly elevated
the concentration of butyrate.
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To evaluate the effects of SCFA on immune responses in influenza infection, the corre-
lation analysis between SCFA and disease indicators was performed. The butyrate was
positively related to lymphocytes proportion and MxA expression (p < 0.001) but was
negatively related to neutrophils proportion, viral loading, MyD88, and TRAF6 expressions
(p < 0.001) (Figure 8B, red frame). The correlation between acetate and disease indicators
was similar to butyrate but could not be significantly related to MxA and TRAF6 expres-
sions (p > 0.05). Propionate was negatively related to neutrophils proportion and viral
loading but positively related to TLR7 and MyD88 expressions (p < 0.001). The correla-
tions between acetate, propionate, and butyrate and immune responses were distinctive,
although L. mucosae 1025, B. breve CCFM1026, and MIX treatment could not significantly
regulate acetate and propionate production. According to the correlation analysis, these
differences of probiotic strains in metabolism might lead to the strain-specific effects on
alleviating influenza infection.

Group
Desulfovibrio

Oscillospira 1
Roseburia

Akkermansia 0

Anaerotruncus
Coprococcus -1
Dorea
Clostridium -2
Bilophila

Helicobacter

AF12

Anaeroplasma

Candidatus_Arthromitus

Dehalobacterium

Not assigned

Odoribacter

Staphylococcus
‘ Bacteroides

Prevotella

Blautia

Coprobacillus
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Figure 8. Short-chain fatty acids (SCFA) production and the correlation with disease indicators. (A) Fold-change in SCFA
(the statistical difference was evaluated using one-way ANOVA and post hoc Fisher’s least significant difference (LSD) tests,
*,*** vs. the model group). (B) The correlation between SCFA and disease indicators. * p < 0.05, ** p < 0.01 and *** p < 0.001.

4. Discussion

It has been reported that probiotic with regulating the balance of intestinal microecol-
ogy exerts prophylactic and alleviating effects on diseases, such as allergic asthma [20,21],
atopic dermatitis [22,23], and influenza infection [24,25], but the correlation between clin-
ical characters of influenza infection and gut microbial alteration needs to be explained.
Based on the gut-lung axis theory, the bi-directional cross-talk between lung and gut
intricately influences the homeostasis of both [26], and therefore, the deeper understanding
of gut microbial alteration on alleviating respiratory disorders contributes to therapeutic
applications using probiotic strains. Here, the effects of L. mucosae 1025, B. breve CCFM1026,
and their mixture MIX on infection of influenza A virus strain A/FM1/47HIN1 were
evaluated by physiological alterations, including bodyweight loss, pathological changes in
lung, gut microbial changes, and SCFA production. Additionally, the potential mechanisms
of L. mucosae 1025, B. breve CCFM1026, and MIX were further explored. L. mucosae 1025,
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B. breve CCEM1026, and MIX improved the clinical symptoms of respiratory infection but
the alleviating mechanism was distinctive.

Influenza infection causes the loss of body weight, and it seems to be a surrogate
marker of disease severity after influenza virus infection [27]. Therefore, body weight
loss was evaluated after influenza virus infection during probiotic treatments. The results
showed that in the model group, mice infected with virus revealed a significant body
weight loss on the day 25 (11.9%) versus the initial weight (Figure 2B). L. mucosae 1025
and MIX treatments significantly prevented the loss of body weight (weight loss: 2.5%
and 1.4%, respectively) after virus infection. However, B. breve CCFM1026 (92.9% =+ 6.85%,
day 25) was similar to the positive control drug ribavirin (93.6 & 6.66%, day 25) and had
weak effects on resisting in a reduction of body weight loss. Interestingly, although B. breve
CCFM1026 had weak effects on maintaining body weight, the mixture (MIX) of CCFM1026
and L. mucosae 1025 exerted a commendable performance on suppressing reduction for
weight loss even better than L. mucosae 1025 used independently. This synergistic effect of
the mixture showed that there was a distinctive mechanism to alleviate influenza infection.
The histopathological observation of the lung showed that influenza A virus-induced
severe inflammation led to the collapsed structure versus the integrated structure in the
control group. However, L. mucosae 1025, B. breve CCFM1026, and MIX treatments re-
versed the inflammatory infiltration of the lung after influenza A virus infection. The
pathological symptoms of the lung in three probiotic groups were significantly improved
but had a few inflammatory infiltrations, and similar to those in the positive control rib-
avirin group (Figure 3A). HE staining further confirmed the alleviating effects of probiotic
strains (Figure 3B). The consumption of probiotic cocktail (L. gasseri PA 16/8, B. longum SP
07/3, and B. bifidum MF 20/5) significantly decreased the symptom score, the duration of
episodes, and the days with fever in a clinical trial [28,29]. The probiotic cocktail increased
the proportions of cytotoxic T lymphocyte (CD8+) and T helper cells (CD4+) and regulated
the immune responses. Additionally, it increased the relative abundance of lactobacilli and
bifidobacteria and altered the gut microbial structure and composition. These results im-
plied that the probiotic-induced improvement in the influenza virus was closely associated
with immune responses and gut microbial alteration.

Lymphocytes are an important component and the main effector cell of immune
function in the lymphatic system [30]. They play crucial roles in asthma, tissue repair, and
responses to helminths [31]. Neutrophils have been considered as the final effector cells
responding to acute inflammation, with the role of eliminating pathogens [32]. Therefore,
changes in lymphocytes and neutrophils are important for diseases including infections
caused by pathogens. An increase in the proportion of neutrophils was responded to in-
fluenza A virus infection in the model group, while, correspondingly, there was a decrease
in lymphocytes (Figure 4). This revealed that there were stress and inflammatory responses
after infection in the model group. B. breve CCFM1026 significantly regulated the inflamma-
tory responses but L. mucosae 1025 and MIX had weak effects on alteration in lymphocytes
and neutrophils. This implied that B. breve CCFM1026 might derive the antiviral effect
through the inflammatory regulation. However, antiviral effects of L. mucosae 1025 and MIX
were associated with other factors such as viral loading and antiviral protein. Therefore,
we determined the relative expressions of viral loading and an antiviral protein MxA.
L. mucosae 1025 and MIX significantly decreased the relative expression of viral loading and
MIX increased MxA (Figure 5). However, B. breve CCEM1026 could not alter the relative
expression of both. Obviously, L. mucosae 1025 alleviated the clinical symptoms of the lung
by directly decreasing viral loading. While MIX not only reduced the expression of viral
loading but increased the MxA to restore the pathological characters-induced by influenza
A virus infection.

Toll-like receptors (TLR) are a class of pattern recognition receptors that detect pathogen-
associated molecular patterns [33]. It has been reported that TLR ligands such as TLR4
and TLR7 have been employed to increase immunogenicity against influenza virus infec-
tion [34]. Influenza A virus activated-TLR7, and the adaptor protein MyD88 increased the
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expression of protective cytokines including type I interferons (IFN), interleukin (IL)-6, and
IL-1B [35]. Probiotic treatment significantly upregulates the expressions of TLR7, MyD88,
IRAK4, TRAF6, and NF-«B to alleviate FM1 influenza virus-induced respiratory tract infec-
tion [36]. This reveals that the TLR7 signaling pathway plays a key role in the regulation
of respiratory influenza virus infection. We determined whether L. mucosae 1025, B. breve
CCFM1026, and MIX affect the TLR7 signaling pathway in influenza A virus-respiratory
infection. The results showed that B. breve CCFM1026 significantly increased the mRNA
expression of TLR7, MyD88, TRAF6, and TNF-« but L. mucosae 1025 and MIX could not
activate the TLR7 signaling pathway (Figure 5). TNF, one of CD8 T cell effectors, maybe
not essential for suppressing viral replication [37]. However, some studies have been re-
ported that TNF-« inhibits the replication of viruses such as influenza and hepatitis B virus
and serves as the first line of defense against influenza virus infection [38,39]. Therefore,
we deduced that B. breve CCFM1026 regulated the antiviral responses by activating the
TLR7 signaling pathway and increasing the expression of TNF-«. This deduction was also
coincident with the above results of immune regulation.

Emerging evidence shows that the balance and metabolites of gut microbiota con-
tribute to the healthy homeostasis of the immune system [40]. Some studies have been
reported that alteration in gut microbiota is closely associated with diverse diseases such
as inflammatory bowel disease [41], nonalcoholic fatty liver disease [42], and respiratory
infection [43]. Gut microbiota affects the onset and development of respiratory infection
through the gut-lung axis. Disturbance of gut microbiota reduced the antiviral responses
and thus leads to severe clinical symptoms. Therefore, the gut microbial composition was
evaluated after virus infection. The virus-induced low F/B ratio was significantly restored
by L. mucosae 1025 and MIX treatments but B. breve CCFM1026 could not increase the F/B
ratio (Figure 6). Changes in microbiota at the genus level further revealed that the structure
of the B. breve CCFM1026 group was similar to that in the model group (Figure 7). This
revealed that B. breve CCFM1026-produced improvement might be not associated with
gut microbiota. However, MIX treatment increased the relative abundances of beneficial
bacteria such as Lactobacillus, Mucispirillum, and Bifidobacterium, and the overall micro-
bial structure was similar to that in the control group (Figure 7). Mucispirillum, the sole
known representative of Deferribacteres present in the mammalian microbiota, antagonizes
Salmonella to protect mice against colitis [44]. Several studies have been demonstrated that
Lactobacillus and Bifidobacterium are beneficial for nutrient absorption and significantly affect
human health and disease. The increases in these beneficial bacteria help not only restore
homeostasis of gut microbiota but also regulate the immune responses related to the gut—
lung axis. L. mucosae 1025 and ribavirin groups were clustered to a branch and indicated
that they were similar in the structure. These gut microbial alterations led to differences
in metabolism. SCFA, the common gut microbial metabolite, is closely associated with
host immune regulation [45]. Fecal transfer experiments have been demonstrated that gut
dysbiosis-induced altered SCFA production contributes to pneumococcal infection by affect-
ing the immunoactivity of alveolar macrophages during influenza episodes [46]. L. mucosae
1025 and B. breve CCFM1026 could not significantly alter acetate, propionate, and butyrate
production versus the model group (Figure 8A). However, MIX treatment significantly
increased butyrate concentration. The results suggested MIX treatment-altered butyrate
might contribute to the alleviation of clinical symptoms after influenza A virus infection.

To explore the connection between SCFA, particularly, altered butyrate and disease
indicators, the correlation analysis was performed. Acetate, propionate, and butyrate
positively related to lymphocytes proportion and negatively related to neutrophils and
viral loading although all probiotic treatments could not significantly affect acetate and
propionate production (Figure 8B). Additionally, butyrate positively related to MxA ex-
pression (p < 0.001) and negatively related to MyD88 and TRAF6. The results suggested
that altered SCFA had the potential to regulate host immune responses. MIX treatment
significantly increased the MxA expression and decreased the viral loading (Figure 5) and
this implied that altered MxA expression and viral loading were closely associated with
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increased butyrate production. In mechanistic terms, butyrate production resulting from
beneficial bacteria affected by MIX treatment might regulate antiviral protein MxA expres-
sion and viral loading and thus alleviated influenza A virus-induced clinical symptoms.
Although L. mucosae 1025 and B. breve CCFM1026 treatments altered the gut microbial
composition, they might mediate the antiviral effects by directly reducing viral loading or
immunoregulation. Therefore, probiotics exerted strain-specific effects on the alleviation of
the influenza A virus.

5. Conclusions

In summary, the results showed that the clinical symptoms were improved by probiotic
treatments and exerted different mechanisms with varying probiotic strains. L. mucosae
1025 directly reduced viral loading in the lung, and B. breve CCFM1026 might regulate the
immune responses. However, their mixture MIX decreased viral loading and increased the
antiviral protein MxA expression, which was closely associated with the increased butyrate
production resulting from gut microbial alteration. This suggested that alteration in gut
microbiota played a crucial role in cross-talk of the gut-lung axis.

Author Contributions: Conceptualization, W.L. and H.Z.; methodology, X.L., Z.E. and L.L.; software,
Z.F. and L.L,; validation, X.L., Z.F. and W.L.; formal analysis, X.L., Z.F. and W.L.; investigation,
X.L.; resources, ].Z. and W.C.; data curation, Z.F. and X.L.; writing—original draft preparation, Z.F.;
writing—review and editing, W.L. and Z.F.; visualization, W.L., Z.F. and L.L.; supervision, P.Z., W.L.
and W.C.; project administration, P.Z. and W.L.; funding acquisition, H.Z. and W.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (No.
31820103010), national first-class discipline program of Food Science and Technology (No. JUF-
STR20180102), the Fundamental Research Funds for the Central Universities (No. JUSRP51903B).

Institutional Review Board Statement: The study was performed according to the guidelines of the
Declaration of Helsinki and approved by Jiangsu Province Administrative Committee for Laboratory
Animals (approval number: SYXK-SU-2017-0007).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: Thanks for the help from the Collaborative innovation center of food safety and
quality control in Jiangsu Province.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Lee, S.; Ishitsuka, A.; Noguchi, M.; Hirohama, M.; Fujiyasu, Y.; Petric, P.P.; Schwemmle, M.; Staeheli, P.; Nagata, K.; Kawaguchi, A.
Influenza restriction factor MxA functions as inflammasome sensor in the respiratory epithelium. Sci. Immunol. 2019, 4, eaau4643.
[CrossRef]

Moser, M.R,; Bender, T.R.; Margolis, H.S.; Noble, G.R.; Kendal, A.P; Ritter, D.G. An outbreak of influenza aboard a commercial
airliner. Am. J. Epidemiol. 1979, 110, 1-6. [CrossRef] [PubMed]

Weis, W.; Brown, ].H.; Cusack, S.; Paulson, ].C.; Skehel, ].J.; Wiley, D.C. Structure of the influenza virus haemagglutinin complexed
with its receptor, sialic acid. Nature 1988, 333, 426-431. [CrossRef]

Dang, A.T.; Marsland, B.J. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. 2019, 12, 843-850. [CrossRef] [PubMed]
He, Y.; Wen, Q.; Yao, E; Xu, D.; Huang, Y.; Wang, J. Gut-lung axis: The microbial contributions and clinical implications. Crit. Rev.
Microbiol. 2017, 43, 81-95. [CrossRef] [PubMed]

Reid, G.; Abrahamsson, T.; Bailey, M.; Bindels, L.B.; Bubnov, R.; Ganguli, K.; Martoni, C.; O'Neill, C.; Savignac, H.M.;
Stanton, C.; et al. How do probiotics and prebiotics function at distant sites? Benef. Microbes 2017, 8, 521-533. [CrossRef]
Shahbazi, R.; Yasavoli-Sharahi, H.; Alsadi, N.; Ismail, N.; Matar, C. Probiotics in treatment of viral respiratory infections and
neuroinflammatory disorders. Molecules 2020, 25, 4891. [CrossRef] [PubMed]

Prakash, A.; Sundar, S.V.; Zhu, Y.G,; Tran, A.; Lee, ] W,; Lowell, C.; Hellman, J. Lung ischemia-reperfusion is a sterile inflammatory
process influenced by commensal microbiota in mice. Shock 2015, 44, 272-279. [CrossRef] [PubMed]

Tsay, T.B.; Yang, M.C.; Chen, P.H.; Hsu, C.M.; Chen, L.W. Gut flora enhance bacterial clearance in lung through toll-like receptors
4. ]. Biomed. Sci. 2011, 18, 68. [CrossRef] [PubMed]


http://doi.org/10.1126/sciimmunol.aau4643
http://doi.org/10.1093/oxfordjournals.aje.a112781
http://www.ncbi.nlm.nih.gov/pubmed/463858
http://doi.org/10.1038/333426a0
http://doi.org/10.1038/s41385-019-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/30976087
http://doi.org/10.1080/1040841X.2016.1176988
http://www.ncbi.nlm.nih.gov/pubmed/27781554
http://doi.org/10.3920/BM2016.0222
http://doi.org/10.3390/molecules25214891
http://www.ncbi.nlm.nih.gov/pubmed/33105830
http://doi.org/10.1097/SHK.0000000000000415
http://www.ncbi.nlm.nih.gov/pubmed/26196836
http://doi.org/10.1186/1423-0127-18-68
http://www.ncbi.nlm.nih.gov/pubmed/21906393

Foods 2021, 10, 902 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

Gu, S.; Chen, Y;; Wu, Z; Chen, Y.; Gao, H.; Lv, L.; Guo, E; Zhang, X,; Luo, R.; Huang, C.; et al. Alterations of the gut microbiota in
patients with COVID-19 or HIN1 influenza. Clin. Infect. Dis. 2020, 71, 2669-2678. [CrossRef] [PubMed]

Fan, Z.; Yang, B.; Ross, R.P.; Stanton, C.; Zhao, J.; Zhang, H.; Chen, W. The prophylactic effects of different Lactobacilli on
collagen-induced arthritis in rats. Food Funct. 2020, 11, 3681-3694. [CrossRef] [PubMed]

Shimizu, K.; Yamada, T.; Ogura, H.; Mohri, T.; Kiguchi, T.; Fujimi, S.; Asahara, T.; Yamada, T.; Ojima, M.; Ikeda, M.; et al.
Synbiotics modulate gut microbiota and reduce enteritis and ventilator-associated pneumonia in patients with sepsis: A
randomized controlled trial. Crit. Care 2018, 22, 239. [CrossRef] [PubMed]

Blumberg, R.; Powrie, F. Microbiota, disease, and back to health: A metastable journey. Sci. Transl. Med. 2012, 4, 137rv137.
[CrossRef]

Smith, PM.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569-573. [CrossRef]

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. Chapter Three—The Role of Short-Chain Fatty
Acids in Health and Disease. In Advances in Immunology; Alt, EW., Ed.; Academic Press: Cambridge, MA, USA, 2014; Volume 121,
pp- 91-119.

Groeger, D.; Schiavi, E.; Grant, R.; Kurnik-Lucka, M.; Michalovich, D.; Williamson, R.; Beinke, S.; Kiely, B.; Akdis, C.A,;
Hessel, E.M,; et al. Intranasal Bifidobacterium longum protects against viral-induced lung inflammation and injury in a murine
model of lethal influenza infection. EBioMedicine 2020, 60, 102981. [CrossRef]

Maeda, N.; Nakamura, R.; Hirose, Y.; Murosaki, S.; Yamamoto, Y.; Kase, T.; Yoshikai, Y. Oral administration of heat-killed
Lactobacillus plantarum L-137 enhances protection against influenza virus infection by stimulation of type I interferon production
in mice. Int. Immunopharmacol. 2009, 9, 1122-1125. [CrossRef]

Iwabuchi, N.; Xiao, J.Z.; Yaeshima, T.; Iwatsuki, K. Oral administration of Bifidobacterium longum ameliorates influenza virus
infection in mice. Biol. Pharm. Bull. 2011, 34, 1352-1355. [CrossRef]

Mao, B.; Li, D.; Ai, C.; Zhao, J.; Zhang, H.; Chen, W. Lactulose differently modulates the composition of luminal and mucosal
microbiota in C57BL/6] mice. J. Agric. Food Chem. 2016, 64, 6240. [CrossRef] [PubMed]

Spacova, I.; Petrova, M.I,; Fremau, A.; Pollaris, L.; Vanoirbeek, J.; Ceuppens, J.L.; Seys, S.; Lebeer, S. Intranasal administration of
probiotic Lactobacillus rhamnosus GG prevents birch pollen-induced allergic asthma in a murine model. Allergy 2019, 74, 100-110.
[CrossRef]

Jamalkandi, S.A.; Ahmadi, A.; Ahrari, I.; Salimian, J.; Karimi, M.; Ghanei, M. Oral and nasal probiotic administration for the
prevention and alleviation of allergic diseases, asthma and chronic obstructive pulmonary disease. Nutr. Res. Rev. 2020, 1-16.
[CrossRef]

Navarro-Lopez, V.; Ramirez-Boscd, A.; Ramon-Vidal, D.; Ruzafa-Costas, B.; Genovés-Martinez, S.; Chenoll-Cuadros, E.; Carrion-
Gutiérrez, M.; Horga de la Parte, J.; Prieto-Merino, D.; Codorier-Cortés, EM. Effect of Oral administration of a mixture of probiotic
strains on SCORAD index and use of topical steroids in young patients with moderate atopic dermatitis: A randomized clinical
trial. JAMA Dermatol. 2018, 154, 37-43. [CrossRef]

Roudsari, M.R,; Karimi, R.; Sohrabvandi, S.; Mortazavian, A.M. Health effects of probiotics on the skin. Crit. Rev. Food Sci. Nutr.
2015, 55, 1219-1240. [CrossRef]

Lei, W.T,; Shih, P.C; Liu, S.J.; Lin, C.Y.; Yeh, T.L. Effect of probiotics and prebiotics on immune response to influenza vaccination
in adults: A systematic review and meta-analysis of randomized controlled trials. Nutrients 2017, 9, 1175. [CrossRef]

Fonolla, J.; Gracian, C.; Maldonado-Lobén, J.A.; Romero, C.; Bédmar, A.; Carrillo, J.C.; Martin-Castro, C.; Cabrera, A.L.;
Garcia-Curiel, ].M.; Rodriguez, C.; et al. Effects of Lactobacillus coryniformis K8 CECT5711 on the immune response to influenza
vaccination and the assessment of common respiratory symptoms in elderly subjects: A randomized controlled trial. Eur. J. Nutr.
2019, 58, 83-90. [CrossRef]

Anand, S.; Mande, S.S. Diet, microbiota and gut-Lung connection. Front. Microbiol. 2018, 9, 2147. [CrossRef]

To, E.E; Erlich, J.; Liong, F; Luong, R.; Liong, S.; Bozinovski, S.; Seow, H.].; O’Leary, ].].; Brooks, D.A.; Vlahos, R.; et al. Intranasal
and epicutaneous administration of Toll-like receptor 7 (TLR7) agonists provides protection against influenza A virus-induced
morbidity in mice. Sci. Rep. 2019, 9, 2366. [CrossRef]

De Vrese, M.; Winkler, P.; Rautenberg, P.; Harder, T.; Noah, C.; Laue, C.; Ott, S.; Hampe, J.; Schreiber, S.; Heller, K ; et al. Effect
of Lactobacillus gasseri PA 16/8, Bifidobacterium longum SP 07 /3, B. bifidum MF 20/5 on common cold episodes: A double blind,
randomized, controlled trial. Clin. Nutr. 2005, 24, 481-491. [CrossRef] [PubMed]

de Vrese, M.; Winkler, P; Rautenberg, P.; Harder, T.; Noah, C.; Laue, C.; Ott, S.; Hampe, J.; Schreiber, S.; Heller, K.; et al. Probiotic
bacteria reduced duration and severity but not the incidence of common cold episodes in a double blind, randomized, controlled
trial. Vaccine 2006, 24, 6670-6674. [CrossRef]

Cronkite, D.A.; Strutt, T.M. The regulation of inflammation by innate and adaptive lymphocytes. J. Immunol. Res. 2018, 1467538.
[CrossRef] [PubMed]

Heath, W.R.; Carbone, ER. The skin-resident and migratory immune system in steady state and memory: Innate lymphocytes,
dendritic cells and T cells. Nat. Immunol. 2013, 14, 978-985. [CrossRef]

Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive
immunity. Nat. Rev. Immunol. 2011, 11, 519-531. [CrossRef]


http://doi.org/10.1093/cid/ciaa709
http://www.ncbi.nlm.nih.gov/pubmed/32497191
http://doi.org/10.1039/C9FO02556A
http://www.ncbi.nlm.nih.gov/pubmed/32301444
http://doi.org/10.1186/s13054-018-2167-x
http://www.ncbi.nlm.nih.gov/pubmed/30261905
http://doi.org/10.1126/scitranslmed.3004184
http://doi.org/10.1126/science.1241165
http://doi.org/10.1016/j.ebiom.2020.102981
http://doi.org/10.1016/j.intimp.2009.04.015
http://doi.org/10.1248/bpb.34.1352
http://doi.org/10.1021/acs.jafc.6b02305
http://www.ncbi.nlm.nih.gov/pubmed/27438677
http://doi.org/10.1111/all.13502
http://doi.org/10.1017/S0954422420000116
http://doi.org/10.1001/jamadermatol.2017.3647
http://doi.org/10.1080/10408398.2012.680078
http://doi.org/10.3390/nu9111175
http://doi.org/10.1007/s00394-017-1573-1
http://doi.org/10.3389/fmicb.2018.02147
http://doi.org/10.1038/s41598-019-38864-5
http://doi.org/10.1016/j.clnu.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16054520
http://doi.org/10.1016/j.vaccine.2006.05.048
http://doi.org/10.1155/2018/1467538
http://www.ncbi.nlm.nih.gov/pubmed/29992170
http://doi.org/10.1038/ni.2680
http://doi.org/10.1038/nri3024

Foods 2021, 10, 902 16 of 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kawai, T.; Akira, S. Toll-like receptors and their crosstalk with other innate receptors in infection and immunity. Immunity 2011,
34, 637-650. [CrossRef] [PubMed]

Goff, PH.; Hayashi, T.; Martinez-Gil, L.; Corr, M.; Crain, B.; Yao, S.; Cottam, H.B.; Chan, M.; Ramos, I.; Eggink, D.; et al. Synthetic
Toll-like receptor 4 (TLR4) and TLRY ligands as influenza virus vaccine adjuvants induce rapid, sustained, and broadly protective
responses. |. Virol. 2015, 89, 3221-3235. [CrossRef]

Iwasaki, A.; Pillai, P.S. Innate immunity to influenza virus infection. Nat. Rev. Immunol. 2014, 14, 315-328. [CrossRef]

Wu, S; Jiang, Z.Y.; Sun, Y.E; Yu, B.; Chen, ]J.; Dai, C.Q.; Wu, X.L,; Tang, X.L.; Chen, X.Y. Microbiota regulates the TLR7 signaling
pathway against respiratory tract influenza A virus infection. Curr. Microbiol. 2013, 67, 414—422. [CrossRef]

Pant, K.; Chandrasekaran, A.; Chang, C.J.; Vageesh, A.; Popkov, A.].; Weinberg, ].B. Effects of tumor necrosis factor on viral
replication and pulmonary inflammation during acute mouse adenovirus type 1 respiratory infection. Virology 2020, 547, 12-19.
[CrossRef] [PubMed]

Seo, S.H.; Webster, R.G. Tumor necrosis factor alpha exerts powerful anti-influenza virus effects in lung epithelial cells. J. Virol.
2002, 76, 1071-1076. [CrossRef]

Biermer, M.; Puro, R.; Schneider, R.]. Tumor necrosis factor alpha inhibition of hepatitis B virus replication involves disruption of
capsid Integrity through activation of NF-kappaB. J. Virol. 2003, 77, 4033—-4042. [CrossRef] [PubMed]

Budden, K.E; Gellatly, S.L.; Wood, D.L.; Cooper, M.A.; Morrison, M.; Hugenholtz, P.; Hansbro, PM. Emerging pathogenic links
between microbiota and the gut-lung axis. Nat. Rev. Microbiol. 2017, 15, 55-63. [CrossRef]

Schirmer, M.; Garner, A.; Vlamakis, H.; Xavier, R.J. Microbial genes and pathways in inflammatory bowel disease. Nat. Rev.
Microbiol. 2019, 17, 497-511. [CrossRef]

Kolodziejczyk, A.A.; Zheng, D.; Shibolet, O.; Elinav, E. The role of the microbiome in NAFLD and NASH. EMBO Mol. Med. 2019,
11, €9302. [CrossRef] [PubMed]

Yildiz, S.; Mazel-Sanchez, B.; Kandasamy, M.; Manicassamy, B.; Schmolke, M. Influenza A virus infection impacts systemic
microbiota dynamics and causes quantitative enteric dysbiosis. Microbiome 2018, 6, 9. [CrossRef] [PubMed]

Herp, S.; Brugiroux, S.; Garzetti, D.; Ring, D.; Jochum, L.M.; Beutler, M.; Eberl, C.; Hussain, S.; Walter, S.; Gerlach, R.G.; et al.
Mucispirillum schaedleri antagonizes Salmonella virulence to protect mice against colitis. Cell Host Microbe 2019, 25, 681-694.
[CrossRef] [PubMed]

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and
disease. Adv. Immunol. 2014, 121, 91-119. [CrossRef]

Sencio, V.; Barthelemy, A.; Tavares, L.P.; Machado, M.G.; Soulard, D.; Cuinat, C.; Queiroz-Junior, C.M.; Noordine, M.L.; Salomé-
Desnoulez, S.; Deryuter, L.; et al. Gut dysbiosis during influenza contributes to pulmonary pneumococcal superinfection through
altered short-chain fatty acid production. Cell Rep. 2020, 30, 934-2947. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21616434
http://doi.org/10.1128/JVI.03337-14
http://doi.org/10.1038/nri3665
http://doi.org/10.1007/s00284-013-0380-z
http://doi.org/10.1016/j.virol.2020.05.004
http://www.ncbi.nlm.nih.gov/pubmed/32560900
http://doi.org/10.1128/JVI.76.3.1071-1076.2002
http://doi.org/10.1128/JVI.77.7.4033-4042.2003
http://www.ncbi.nlm.nih.gov/pubmed/12634363
http://doi.org/10.1038/nrmicro.2016.142
http://doi.org/10.1038/s41579-019-0213-6
http://doi.org/10.15252/emmm.201809302
http://www.ncbi.nlm.nih.gov/pubmed/30591521
http://doi.org/10.1186/s40168-017-0386-z
http://www.ncbi.nlm.nih.gov/pubmed/29321057
http://doi.org/10.1016/j.chom.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/31006637
http://doi.org/10.1016/b978-0-12-800100-4.00003-9
http://doi.org/10.1016/j.celrep.2020.02.013
http://www.ncbi.nlm.nih.gov/pubmed/32130898

	Introduction 
	Materials and Methods 
	Bacterial Strains 
	Animals and Treatment 
	Change in Weight 
	Lung Histopathology 
	Virus Loading, MxA, and Immune Indicators Measurement 
	Blood Cell Analysis 
	Gut Microbial Profiling 
	Change in SCFA Metabolism 
	Statistical Analysis 

	Results 
	Probiotic Mixture Suppressed the Loss of Body Weight 
	Probiotic Mixture Improved the Pathological Features of Lung 
	Probiotic Strains Regulated Systemic Immune Responses 
	Probiotic Strains Affected the Antiviral Signaling Pathway 
	Probiotic Strains Altered the Gut Microbial Composition 
	Changes in the Phylum Level 
	Clustering Analysis at the Genus Level 

	Probiotic Strains Affected SCFA Production and the Correlation with Disease Indicators 

	Discussion 
	Conclusions 
	References

