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Abstract

Background: Stability of intestinal flora is not only important for maintaining stable immune functions; it is also a key immune channel
communicating the interaction between lung and intestine. In this study, probiotics and fecal microbiota transplantation (FMT) were used
to regulate influenza-infected mice with antibiotic-induced intestinal dysbiosis and the effects of intestinal microorganisms on these mice
were subsequently observed and evaluated. Methods: Mice are housed in a normal environment with intranasal infection with influenza
virus (FM1). Real-time quantitative polymerase chain reaction (RT-qPCR) was used to determine messenger RNA expression and lung
viral replication of toll-like receptor 7 (TLR7), myeloid differentiation primary reaction 88 (MyD88) and nuclear factor kB (ss) p65 in
the TLR7 signaling pathway. Western blotting is used to measure the expression levels of TLR7, MyD88, and NF-«xB p65 proteins. Flow
cytometry was used to detect the proportion of Th17/T regulated cells. Results: Results showed that compared with the simple virus
group, both diversity and species of intestinal flora in influenza-infected mice with antibiotic-induced intestinal dysbiosis were lower, in
vivo viral replication was significantly increased, lung and intestinal tissues were seriously damaged, degree of inflammation increased,
expression of the TLR7 signaling pathway increased, and the Th1/Th2:Th17/Treg ratio decreased. Probiotics and FMT effectively
regulated intestinal flora, improved pathological lung changes and inflammation caused by influenza infection, and adjusted the TLR7
signaling pathway and the Th1/Th2:Th17/Treg ratio. This effect was not obvious in TLR7~/~ mice.In summary, by affecting the TLR7
signaling pathway, intestinal microorganisms reduced the inflammatory response in the lungs of influenza-infected mice with imbalances
in antibiotic flora. Conclusions: By affecting the TLR7 signaling pathway, intestinal microorganisms reduced the inflammatory response
in the lungs of influenza-infected mice with imbalances in antibiotic flora. In summary, damage to lung tissue and intestinal mucosa in
influenza-infected mice with antibiotic-induced intestinal dysbiosis is more serious compared to simple virus-infected mice. Improving
intestinal flora using probiotics or FMT can alleviate intestinal inflammation and improve pulmonary inflammation through the TLR7
signaling pathway.
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1. Introduction (FMT) from healthy donors [2]. Probiotics are active, ben-
eficial microorganisms, commonly Bifidobacterium and
Lactobacillus, colonizing the host and through the regu-
lation of host mucosal and systemic immune functions or
balancing of intestinal flora, promote nutrient absorption
and maintenance of intestinal health. Therefore, promoting
microorganisms or microbiota is beneficial to host health.
FMT has been successfully used for the treatment of several
diseases because FMT can regulate imbalances and restore
homeostasis in the intestinal flora [3].

The complex relationship between intestinal flora and
the human body spans various physiological activities and
pathological processes, and consequently, is indispensable
to the organism. The imbalance of the intestinal flora
not only affects the functional state of the intestinal tract
but also extensively influences the immune status and host
function. Long-term antibiotic use can inhibit sensitive
intestinal bacteria, allowing an excessive proliferation of
drug-resistant bacteria, which is the primary reason for

imbalances in intestinal flora [1]. Common methods for
regulating imbalances in intestinal flora include the con-
sumption of probiotics and fecal microbiota transplantation

Influenza viruses belong to the Orthomyxoviridae
family and can classified into the four following types: A,
B, C, and D [4]. Influenza A viruses can easily cause an

Copyright: © 2023 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2803043
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

influenza pandemic owing to antigenic variation [5]. Stud-
ies in antibiotic-treated mice have shown that mice with
disorders of intestinal flora experience aggravated mucosal
destruction, lymphoid tissue damage, disturbances in im-
mune cell homeostasis, and changes in intestinal composi-
tion, and are susceptible to severe infectious and inflamma-
tory disease outcomes [6].

Both the respiratory tract and the gastrointestinal tract
belong to the mucosal immune system, have the same em-
bryonic origin, and have similar structural similarities. In-
teractions between the intestine and the lung are medi-
ated by microorganisms, metabolites, and free immune
cells. Throughout the lung—intestinal axis, the intestinal
flora remains stable, crucial to in maintaining the immune
state and respiratory tract balance [7]. Recognition of
microbial pathogens through pattern recognition receptors
(PRRs) is required to initiate the natural immune response.
PRRs recognize several conserved pathogenic molecules,
or pathogen-associated molecular pattern (PAMP). As im-
portant PRRs, toll-like receptors (TLRs) can recognize
pathogen molecules [8]. TLR7, highly expressed in human
plasmacytoid dendritic cells [9], is a member of the TLR
family that can recognizes single-stranded RNA viruses
[10] including the influenza virus. After PAMP recogni-
tion, TLR7 recruits specific linker molecules that bind to
Toll-IL-1 receptor (TIR) domains, including myeloid dif-
ferentiation factor 88 (MyD88), and contain TIR structures,
which can induce the interferon-/3 linker molecule (TRIF),
and subsequently, through a signaling cascade, eventually
lead to the production of inflammatory factors, type I in-
terferons, chemokines, and antibacterial peptides in these
cells [11]. Finally, it induces nuclear transfer of NF-xB and
activates a signaling pathway eliciting an inflammatory re-
sponse. However, whether the TLR7 signaling pathway in
the innate immune system of the lung is related to the poten-
tial immune mechanisms of intestinal flora remains unclear.

In this study, we hypothesized that gut microbes could
be used for treating antibiotic-induced intestinal dysbiotic
influenza-infected mice through the TLR7 signaling path-
way. To verify our hypothesis, we first established an
animal model for influenza-infected mice with antibiotic-
induced intestinal dysbiosis. After infecting with the in-
fluenza virus FM1 strain, these mice were treated with pro-
biotics or FMT to restore intestinal flora. Finally, we as-
sessed the effect of an imbalance in intestinal flora on the
TLR?7 signaling pathway in the lungs of influenza-infected
mice. TLR7 signaling pathway was found to play an impor-
tant role in reducing the inflammatory process in antibiotic-
induced influenza-infected mice with intestinal dysbiosis.

2. Materials and Methods
2.1 Animals

Animal experiments were performed with the ap-
proval and supervision of the Experimental Animal Ethics
Committee of Jinan University (Guangdong, China). SPF-

grade normal C57BL/6 wild-type mice were purchased
from the Experimental Animal Center of Guangdong
Province (production license SCXK [Guangdong] 2019-
0056). Specific-pathogen-free (SPF), 6—8-week-old female
C57BL/6J wild type (WT) mice, weighing 20 £ 2 g,
and B6.129S1-Tlr7 <tml1Flv>/J (Tlr7-/-) mice were pur-
chased from China Guangdong Medical Experimental Ani-
mal Center and The Jackson Laboratory (Sacramento, CA,
USA), respectively. All experimental mice were raised
in an animal biosafety level 2 (ABSL-2) laboratory with
a temperature-controlled animal feeding facility (tempera-
ture: 20 £ 2 °C; humidity: 50%), a 12-hour light cycle,
and an independent ventilation cage (IVC). The endpoint
of animal health is that the animal is moribund, or does not
respond after being given a gentle stimulus; Dyspnea: typ-
ical symptoms are salivation and/or cyanosis of the nose
and mouth; diarrhea or urinary incontinence; A clear sign
of serious illness, at which point the animal is euthanized to
avoid further unnecessary suffering. After placing the lab-
oratory animals to be euthanized in the box, carbon dioxide
is released to suffocate the experimental animals.

2.2 Groups

Thirty WT and 30 7Ir7-/- mice were randomly divided
into five groups: normal control (untreated), virus control
(Virus), antibiotic treatment + virus (Model), model + pro-
biotic recovery (Probiotics), and model + fecal microbiota
transplantation (FMT). Model, Probiotics, and FMT groups
were treated with antibiotics mixed in drinking water for 25
days. All mice were fed sterilized rat food. On day 26, feces
from each group of mice were collected from their sterile
containers; mice were then anesthetized using a 1% pen-
tobarbital sodium intraperitoneal injection. The untreated
group was treated with a 50 upL sterile saline nasal drip,
while the other groups were infected with 50 L of an in-
fluenza virus FM1 suspension. On day 27, the Probiotics
group was treated with probiotics via intragastric adminis-
tration for five days, while mice in the FMT group were
transplanted with untreated mice feces for five consecutive
days; other groups were fed normal saline for five days.
On day 32, sacrifice mice by euthanasia. Each group of
lungs, spleen, cecum, and feces were collected for analysis
(Fig. 1a).

2.3 Antibiotics

The antibiotic drinking water mix was prepared
by adding ampicillin (1 mg/mL, Lot: 7918010110),
neomycin (Img/mL, Lot: 9311010150), metronidazole
(Img/mL, Lot: ¢10473109), gentamicin (0.5 mg/mL,
Lot: H04J10Z89946), and vancomycin (0.5 mg/mL, Lot:
H26M10Z84068) (all from Guangzhou Dingguo Biotech-
nology Co., Ltd., Guangzhou, China) to sterilized pure
drinking water; this was replaced every three days.
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Fig. 1. The changes of body weight and lung index, pathological analysis and virus replication were observed. (a) is experimental
flow graph. (b) and (c) represent changes to body weight and lung index, respectively, in each group of WT mice (n = 6). (d) and (e)
represent changes to body weight and lung index, respectively, in 7/ Ir7~/~ mice of each group (n = 6). (f) represent pathological sections
of lung and cecum tissues of WT mice and Tlr7~/~ mice. Bars = 200 pm. The black arrow points to the mucosa of the cecum. (g) and
(i) represent the titer of FM1 virus in the lung tissue of WT and 77r7-/- mice on day 6 after infection (n = 6). (h) and (j) represent FM1
virus mRNA expression in the lung tissue of WT and 7/r7-/- mice on day 6 after infection (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001,

NS p > 0.05.
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2.4 Probiotics

Bifidobacterium and Lactobacillus triple live bacteria
tablets (Inner Mongolia Shuangqi Pharmaceutical Co., Ltd.,
Inner Mongolia,China , Chinese medicine S19980004)
were used strictly according to the manufacturer’s instruc-
tions; the daily dosage for each mouse was 0.78 g/kg. Pro-
biotics were dissolved in sterilized saline and administered
intragastrically at 0.2 mL/d [12,13].

2.5 Fecal Samples and 16S sRNA

Twenty-six days after antibiotic treatment, before be-
ing infected with virus, anus of each mouse was wiped with
cotton swabs to stimulate defecation on a sterile container
collecting feces. On day 32, following euthanasia, fecal
samples were collected from the rectum of mice by open-
ing the abdominal cavity using sterilized equipment in a
biosafety cabinet. Collected feces were placed into sterile
EP tubes and frozen at —80 °C. All procedures were com-
pleted within 30 min. The samples were sent to Guangdong
Magigene technology Co., Ltd (Guangzhou, China) for test-
ing.

The 16S rRNA gene was sequenced by Guangdong
Magigene Biotechnology Co., Ltd (HiSeq2500/Miseq,
PE250/PE300, Guangdong, China). Genomic DNA was
extracted using the ALFA-SEQ Advanced Stool DNA Kit;
the concentration and purity of DNA were detected us-
ing NanoDrop gel One. The hypervariable region of 16S
rDNA V4-V5 was amplified using polymerase chain re-
action (PCR), with barcode-tagged primers and TaKaRa
Premix Taq® Version 2.0 (RR901A, TaKaRa, Guangzhou,
China). Mixed PCR products were recovered using an
E.Z.N.A.® Gel Extraction Kit (Omega, Nocross, Georgia,
USA); target DNA fragments were recovered via elution
with TE buffer. The [llumina Nova 6000 platform was used
for PE250 sequencing of the expanded sublibrary. Head
and tail primers were simultaneously removed using Cu-
tadapt software, thus obtaining quality-controlled, paired-
end clean reads. Fastp was used to tailor raw tag data
with sliding window quality (— W4-M20), thus obtaining
an effective splicing segment (clean tags). Clean tags of
all samples were clustered (the similarity was 97% by de-
fault) to generate operational taxonomic units (OTUs); sin-
gleton OTUs and chimeras were simultaneously removed.
To obtain annotated species information, each OTUs rep-
resentative sequence was compared against SILVA (16s),
RDP (16s), and Greengenes (16s) databases using usearch-
sintax(version v11, San Francisco, USA).

2.6 FMT

Fresh feces from mice in the untreated group were
collected and immediately re-suspended in aseptic saline;
insoluble particles were filtered out. The filtrate was cen-
trifuged at 4 °C for 15 min at 3000 x g, and the sediment
collected. The sediment was dissolved in sterile saline to a
final concentration of 400 mg/mL. Each mouse was treated
with intragastric administration of 200 uL per day [14].

2.7 Virus

Influenza A virus (A/FM1/1/47) was provided by the
Department of Immunology and Microbiology at the Jinan
University and stored at —80 °C. After mice were anes-
thetized via intraperitoneal injection of 1% pentobarbital
sodium, each was given 50 uL of virus solution for nasal
infection.

2.8 Body Weight, Status and Lung Index of Mice

The status, coat color, vitality, drinking water, and sur-
vival status of mice in each group were observed daily. The
body weight of each mouse was recorded at the same time
each day, and the percentage of weight change was calcu-
lated according to the formula: percentage of weight change
= (nth celestial body weight/day 0 body weight). Lung tis-
sue sample was obtained and rinsed with aseptic phosphate
buffer (PBS); the surface water was dried with filter pa-
per before weighing. Lung index was calculated as (lung
weight/body weight) x 100%.

2.9 Pathological Sections of Mice Lung and Cecum,
Scoring Criteria

Lung tissue and cecum of mice were removed, fixed
with 4% paraformaldehyde, embedded in paraffin, and
sliced into 4 um thick sections. Slices were dewaxed, dehy-
drated, and sealed following hematoxylin-eosin (HE) stain-
ing. Finally, histopathological images were observed and
collected under a microscope. The histopathological lesion
score of each mouse is presented as the average of the scores
provided by the two pathologists. The scoring criteria were
changed as previously described [15]. so that O indicates
no lesions, 1-2 indicates mild inflammation with no necro-
sis, 3—6 indicates moderate inflammation with a high inci-
dence of necrotic cells, and 7-9 indicates severe inflamma-
tion with frequent necrosis and edema.

2.10 Plaque Test to Detect Viral Titer

On day 6 after infection (day 32), lung tissue from
mice was homogenized in 1 mL of Dulbecco’s Modified
Eagle’s Medium (DMEM), and the supernatant obtained us-
ing centrifugation. Supernatant of lung tissue was diluted
10 times and to different concentrations. The Madin—Darby
canine kidney (MDCK) cell plaque assay was used to de-
termine viral titer in the supernatant of lung tissue. MDCK
cells were cultured in a monolayer on a cell culture plate.
Following full growth, after each well was washed with
PBS, the supernatant of lung tissue with different dilution
times was added to each well and incubated at 37 °C for 1
hr. A mixture of 2% carboxymethyl fiber and medium was
added and incubated at 37 °C and 5% COx, for 4 days. The
sample was fixed in 4% paraformaldehyde for 1 h, stained
with crystal violet for 15 min, rinsed with pure water to re-
move excess dye, and the plaques counted. Plaque forma-
tion unit (PFU/mL) = (number of plaques per pore / inocu-
lation per pore) x dilution [16].
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Table 1. Primers for RT-qPCR analysis.

Gene Forward (5’ to 3") Reverse (5’ to 3")

Gapdh CTGAGCAAGAGAGGCCCTATCC CTCCCTAGGCCCCTCCTGTT
FM1 GACCAATCCTGTCACCTCTGAC AGGGCATTNTGGACAAAGCGTCTA
Tir7 GGGTCCAAAGCCAATGTG TGTTAGATTCTCCTTCGTGATG
MyD88 CGATTATCTACAGAGCAAGGAATG ATAGTGATGAACCGCAGGATAC

NF-kB p65

ATTCTGACCTTGCCTATCTAC

TCCAGTCTCCGAGTGAAG

2.11 Quantitative Reverse Transcription (RT-gPCR)

Total RNA was extracted from lung tissue ho-
mogenate using RNAiso plus (Takara, Kusatsu, Japan). Af-
ter testing RNA quality, the PrimeScriptTM RT kit and
SYBR Green PCR Master Mix (Takara, Kusatsu, Japan)
were used for cDNA synthesis and qPCR detection. Re-
verse transcription was performed in a Bio-Rad S1000 ther-
mal cycler (Bio-Rad, Berkeley, CA, USA). qPCR was per-
formed using the CFX Connect real-time PCR detection
system (Bio-Rad, Berkeley, CA, USA). Experimental pro-
cedures were as follows: 95 °C, 30s, 5 s, 60 °C, 30 s, cy-
cle 40 amplification cycles, 95 °C, 10s. All primers (Ta-
ble 1) were designed and synthesized by Shanghai Sheng-
gong Bioengineering Co., Ltd (Guangzhou, China). All
samples were equipped with 3 multiple holes, and the ex-
periment was repeated three times. GAPDH was used as
the internal reference and expression was calculated using
the cycle threshold method (2=24C) [17].

2.12 Flow Cytometry

Mice spleen tissues were washed and homogenized in
1640 medium without serum. Peripheral blood mononu-
clear cells (PBMCs) were collected using a mouse lym-
phocyte separation solution (Multi Sciences, Hangzhou,
China), according to the manufacturer’s instructions.
PBMCs were then suspended in 1640 culture containing
10% fetal bovine serum (FBS), and the cell concentration
adjusted to 1 x 10%/mL. In order to detect Thl, Th2, and
Th17 cells, phorbol 12-myristate 13-acetate (0.05 pg/mL,
PMA), ionomycin (1 pg/mL), brefeldin A (3 pg/mL, BFA),
and monensin (1.4 pug/mL) were added according to stimu-
lant and blocker reagent instructions (both purchased from
Multi Sciences, Hangzhou, China), and incubated at 37 °C
for 5 h in a 5% COq atmosphere. Cells were labeled with
anti-CD4, interferon (IFN)-g, interleukin (IL)-4, and IL-
17A antibodies. In order to detect T regulatory cells (Treg)
cells, anti-CD4 and CD25 antibodies were added and in-
cubated at 4 °C for 30 min; cells were re-suspended in
a membrane-breaking solution (fixation/permeabilization
concentrate: fixation/permeabilization diluent = 1:3, eBio-
science, USA) and incubated at 4 °C for 30 min. Af-
ter washing with 1X permeabilization buffer (eBioscience,
USA), anti-Foxp3 antibody was added and incubated for 30
min at 4 °C without light. Th1, Th2, Th17, and Treg cells
were defined as CD4 + I[FN-g +, CD4 + IL-4 +, CD4 + IL-
17A +, and CD4 + CD25 + Forxp3 + T cells, respectively
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Table 2. Antibodies for flow cytometry analysis.

Antibody  Labels used Company

CDh4 FITC eBioscience
IFN-v APC eBioscience
IL-4 PE eBioscience
IL-17A PE-cyanine7  eBioscience
CD25 APC eBioscience
Foxp3 PE eBioscience

(All antibodies information was in Table 2). All stained
cells were detected using flow cytometry FACS VERSE
(Becton Dickinson Biosciences, Franklin Lake, NJ, USA),
and the results analyzed using FlowJo v10 (FlowJo, Ash-
land, OR, USA).

2.13 Western Blotting for Tlr7, MyD88, and NF-xB p65

Mouse lung tissue was extracted using RIPA lysis
buffer (LOT: 6171803, Multi Sciences, Hangzhou, China),
with total protein extracted after homogenization. To-
tal protein was quantified using a BCA protein quan-
titative kit (LOT: A91041, Multi Sciences, Hangzhou,
China). Protein was separated using 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene fluoride mem-
brane (PVDF) membrane sealed with 5% skim milk pow-
der. The membrane was then incubated with rabbit anti-
mouse monoclonal antibodies against RIG-I1 (CST, 42008,
1:1000), MA VS (CST, 49838, 1:1000), NF-xB p65 (CST,
82428, 1:1000), and GADPH (CST, 21188, 1:1000) at 4°C.
Cells were then incubated with horseradish peroxidase-
labeled goat anti-rabbit IgG (LOT: A91053, Multi Sciences,
Hangzhou, China). Protein bands were detected using an
electrochemiluminescence (ECL) kit (LOT: A90844, Mul-
tiSciences, Hangzhou, China), and analyzed using ImageJ
software (v1.8.0.112, NIH, Bethesda, USA).

2.14 Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 8.0 software (Beijing, China). Results were ex-
pressed as mean = standard deviation (SD). Two-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple
comparison tests was executed. A p value of <0.05 was
regarded as statistically significant.
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3. Results

3.1 Changes in WT and Tlr7~/~ Mice Following
Antibiotic Treatment

Changes in Intestinal Flora of WT and TIr7~/~ Mice
Treated with Mixed Antibiotics

The Venn diagram for Operational Taxonomic Units
(OTU) shows the number of common and endemic species
between different groups. Total OTUs for WT and Tlr7—/~
mice treated with antibiotics were 410 and 308, respec-
tively, which was; significantly lower compared to the
untreated group, at 1381 and 1151, respectively. Com-
mon OTUs were 372 and 294, with a few OTUs differ
in the untreated group (Sup.Sla, S1b). A microbial com-
munity composition columnar analysis was performed and
the composition of the microbial community at the fam-
ily level was analyzed. In the untreated group of WT
mice, Muribaculaceae (0.437) was the dominant flora,
and Lachnospiraceae (0.150) and Prevotellaceae (0.080)
were common, accounting for a certain proportion. In
antibiotic-treated WT mice, flora composition changed dia-
matically. Enterobacteriaceae (0.840) was the most domi-
nant, while Clostridiaceae (0.116) constituted a small pro-
portion; the abundance of other bacteria showed extreme
reduction (Sup.Slc). The untreated group of 7lr7~/~ mice
showed results similar to untreated group of the WT mice,
with Muribaculaceae (0.527) being the dominant group,
and other bacteria, including Lachnospiraceae (0.145) and
Prevotellaceae (0.097), accounted for a certain propor-
tion. jie of Tlr7—/~mices, in addition to a large increase
in Enterobacteriaceae (0.321) and Bacteroidaceae (0.074),
the abundances of Tannerellaceae (0.514) and Akkerman-
siaceae (0.065) also increased significantly, while those of
other families decreased significantly (Sup.S1d). Results
of the Venn diagram and community composition columnar
analysis showed that the abundance of intestinal microflora
changed significantly following antibiotic treatment, result-
ing in mice showing flora imbalance.

3.2 Changes in FM1 Influenza-Infected Mice with
Antibiotic-Induced Intestinal Dysbiosis

3.2.1 Changes in Body Weight and Lung Indexes

Following the FM1 influenza virus infection, the body
weight of mice decreased significantly, and they experi-
enced loss of appetite, fluffy and rough hair, and decreased
activity. Six days after infection, weight loss in the WT
Model group was more severe than in the WT Virus group
(p < 0.01), whereas body weight in the Probiotics and FMT
groups improved slightly (Fig. 1b). The lung indexes of
the WT Model group was 2.96, significantly higher than
2.25 in the Virus group (p < 0.001). The lung indexes of
the WT Probiotics and FMT groups were lower than in the
Model group, suggesting more serious inflammation in the
Model group, which was alleviated in the Probiotics and
FMT groups (Fig. 1c). Body weights in the 7/+7~/~ Model
group were significantly different from the Virus group (p

< 0.05), while Probiotics and FMT groups showed no sig-
nificant difference compared to the Model group (Fig. 1d)
with similar lung indexes (Fig. le). These results indicated
that probiotic use and FMT could alleviate weight loss and
lung indexes in WT mice but had no significant effect on
Tlr7~/~ mice.

3.2.2 Histopathological Analysis and Viral Replication

Microscopic observation showed that alveoli structure
in the untreated group of WT and T/r7—/~ mice was regu-
lar and intact, with no inflammatory secretion in the alve-
olar cavity or cellular infiltration in the alveolar intersti-
tium (Fig. 1f). Mucosal structure of the cecum was intact;
epithelial monolayer columnar cells were neatly arranged;
colorectal glands were evenly distributed, and solitary lym-
phoid nodules were seen in the lamina propria (Fig. 1f).
Compared to the untreated group, obvious inflammation in-
jury, destruction of alveolar structure, thickening of alve-
olar diaphragm, alveolar interstitial edema, and lympho-
cyte infiltration were observed in WT and T/r7—/~ mice
of the Virus group (Fig. 1f). In the cecum, the number
of large, irregularly distributed intestinal glands increased,
as also the lymphocytes in the lamina propria; however,
the overall mucosal structure was intact (Fig. 1f). Com-
pared to the Virus group, inflammation injury to the lung
tissue in the Model group of WT and 777/~ mice was
more serious, with large structural alveolar damage, alve-
olar diaphragm thickening, interstitial edema, some tissue
necrosis and exfoliation formed cavities, and high lympho-
cyte infiltration (Fig. 1f). The mucosal layer of the cecum
was seriously damaged; the number of epithelial monolayer
columnar cells decreased; colorectal glands were ruptured
and necrotized, and high lymphocytes infiltration of lym-
phocytes occurred (Fig. 1f). After infection, cecal tissue
injury in WT mice treated with probiotics and FMT was
lesser relative to the the Model group; exfoliation of epithe-
lial monolayer columnar cells reduced significantly, and the
colorectal glands were partly intact (Fig. 1f). Compared
to the Model group, inflammation injury to the lung tissue
reduced slightly, along with the infiltration of inflamma-
tory cells, and the alveolar septum was thinner (Fig. 1f).
In Tlr7~/~ mice, mucosal damage to the cecal tissue in in-
fected animals treated with probiotics and FMT was slightly
lower compared to the Model group (Fig. 1f); however, no
significant differences in the degree of inflammation injury
to the lung tissue between the Model and Probiotic groups
were observed (Fig. 1f). No viral titer or FM1 mRNA ex-
pression was detected in WT or 7/7~/~ mice in the un-
treated group. In WT mice, viral titer and FM1 mRNA lev-
els in the Model group were significantly higher compared
to the Virus group. Viral titer and FM1 mRNA expression
in Probiotics and FMT groups were lower relative to the
Model group (Fig. 1g,h). In T/r7~/~ mice, viral titer and
FM1 mRNA expression in the Model group were signif-
icantly higher compared to the Virus group; however, no
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significant differences in viral titer and FM1 mRNA expres-
sion in mice treated with probiotics and FMT compared to
the Model group were observed (Fig. 1i,j). To further eval-
uate the protective effect of Probiotics and FMT on pul-
monary inflammation in influenza-infected mice, a double-
blinded experiment, as described in Section 2.9, was per-
formed to systematically assess the severity of lung pathol-
ogy in mice. After probiotic administration and FMT treat-
ment, the inflammatory response of lung tissues in WT mice
reduced significantly (Sup.S2a). Notably, compared to the
model control, histopathological section staining and histo-
logical scoring results showed that probiotic and FMT treat-
ment caused milder inflammatory reactions in the lung tis-
sues of the WT mice. However, after treatment with pro-
biotics and FMT, the inflammatory responses of lung tis-
sues of Tlr7~/~ mice showed no significant improvment
compared to the model group (Sup. S2b). Histopathologi-
cal section staining and histological scoring results showed
that probiotic and FMT treatment could not alleviate lung
tissue inflammation in7/r7~/~ mice. These results suggest
that probiotics and FMT could regulate the intestinal flora
of WT mice, and reduce viral replication in WT lung tissue
but had no significant effect on the lung tissue of T/r7~/~
mice.

3.2.3 Changes in Intestinal Flora

Intestinal microflora in mice of each group was ana-
lyzed 16S sequencing analysis, a-diversity index, and com-
munity composition columnar analysis. Shannon’s and
Simpson’s diversity indices reflected the richness and even-
ness of species, respectively. Results indicated no signif-
icant differences in Shannon’s and Simpson’s indices be-
tween the untreated and Virus groups of WT mice. Shan-
non’s and Simpson’s indices were significantly lower and
higher, respectively, in the Model group compared to
the Virus group. Shannon’s index in mice treated with
probiotics and FMT was higher, while Simpson’s index
was lower compared to the Model group (Sup.S3a, S3b).
In Tlr7~/~ mice, results of the a-diversity index were
similar to those for the WT mice, with the lowest and
highest Shannon’s and Simpson’s indices, respectively, in
the Model group, and a dramatic reduction in the Pro-
biotic and FMT groups (Sup.S3c, S3d). At the family
level,the microbial community composition columnar anal-
ysis chart depicted that the WT untreated group had the
highest Muribaculaceae (0.405) relative abundance, fol-
lowed by Lachnospiraceae (0.216) and Ruminococcaceae
(0.078), belonging to the same phylum of thick-walled bac-
teria as Lachnospiraceae. The proportion of species in
the Virus group changed, with major alterations in Bac-
teroidaceae (0.198), Muribaculaceae (0.192), and Akker-
mansiaceae (0.141). The proportion of Lachnospiraceae
(0.087) decreased but that of Enterobacteriaceae (0.053)
increased. In the Model group, Enterobacteriaceae (0.734)
was dominant, whereas Akkermansiaceae (0.199), Murib-
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aculaceae (0.001), and other species were substantially sup-
pressed. With probiotic and FMT treatment, Enterobac-
teriaceae (0.327 and 0.241, respectively) decreased, while
Bacteroidaceae (0.161 and 0.228, respectively) increased;
other species showed signs of recovery. In the FMT
group, the proportion of Muribaculaceae (0.088) increased
significantly (Sup.S3e). In the untreated group compris-
ing TIr7~/~ mice, Muribaculaceae (0.528) was domi-
nant, followed by Lachnospiraceae (0.151) and Prevotel-
laceae (0.095). In the Virus group, the abundance of Bac-
teroidaceae (0.301) was higher than that of Muribaculaceae
(0.239), and Enterobacteriaceae (0.107) increased signifi-
cantly. Proportions of species in the Model group changed
most prominently, with Tannerellaceae (0.546) and Enter-
obacteriaceae (0.404) showing an increase, while Murib-
aculaceae (0.003) decreased significantly. Following in-
tragastric administration of probiotics and FMT, Tannerel-
laceae (0.422 & 0.047) and Enterobacteriaceae (0.377 &
0.181) decreased, while Bacteroidaceae (0.470) increased
significantly only in the FMT group (Sup.S3f). These re-
sults suggest that probiotics use and FMT adjusted imbal-
ances in the intestinal flora of mice.

3.2.4 mRNA and Protein Expressions of TLR7, MyD88,
and NF-xB p65

To further verify the relationship between intestinal
flora and the TLR signaling pathway, we analyzed the ex-
pressions of TLR7 and downstream MyD88 NF and NF-xB
p65. In WT mice, relative mRNA expressions of TLR7,
MyDS88, and NF-xB p65 in the Virus group were higher
than in the untreated group. Key factors of the TLR7 signal-
ing pathway in the Model group were significantly higher
relative to the Virus group. Relative mRNA expressions of
TLR7, MyD88, and NF-xB p65 in the probiotic and FMT
groups reduced significantly relative to the Model group
(Fig. 2a). In Tlr7~/~ mice, no significant change in key
factors of the TLR7 signaling pathway in the lungs of pro-
biotic and FMT-treated mice (Fig. 2b). In WT mice, pro-
tein expressions of TLR7, MyD88, and NF-«B p65 in the
lung tissues of the Virus group were higher relative to the
untreated group but were the highest in the Model group.
All three proteins were downregulated in the Probiotics and
FMT groups (Fig. 2¢,d). In T/r7~/~ mice, protein expres-
sions in the Model group were significantly higher relative
to the Virus group; however, there was no significant dif-
ference in expression between the Model, Probiotics, and
FMT groups (Fig. 2¢,d).

3.2.5 Changes in Th1/Th2 and Th17/Treg in the Spleen
Tissues of Mice

To further assess inflammation in mice, Th1/Th2 and
Th17/Treg were detected in the spleen tissues of mice by
flow cytometry (Fig. 3a). In WT mice, the balance between
Th1/Th2 and Th17/Treg in the Model group was signifi-
cantly disrupted (Fig. 3b,c); however, the ratio was differ-
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Fig. 2. mRNA and proteins expressions of TLR7, MyD88, and NF-«<B p65. (a) and (b) Relative mRNA expression of TLR7, MyD88,
and NF-xB p65 in the lung tissue of WT mice and 7/r7~/~ mice. (c) Western blotting results of Tlr7, MyD88, and NF-xB p65 protein
expression in the lungs of WT and 7 Ir7~/~ mice. n =6, (d) is the quantitative analysis of WB in the (c). *p < 0.05, **p < 0.01, ***p

< 0.001, NS p > 0.05.

ent compared to the Virus group, showing a decrease when
bacteria were destroyed using mixed antibiotics (Fig. 3b,
c). The ratio in the Probiotics and FMT groups was sig-
nificantly adjusted relative to the Model group (Fig. 3b,c).
However, in 7lr7~/~ mice, results in Probiotics and FMT
groups were not significantly different compared to the
Model group, whereby the balance between Th1/Th2 and
Th17/Treg remained seriously disrupted (Fig. 3b,c).

4. Discussion

In this study, we focused on the important effects of
regulation of intestinal flora through the TLR7 signaling
pathway in influenza-infected mice with antibiotic-induced
intestinal dysbiosis. Inflammation of the lungs and in-
testines in 7/r7~/~ mice was more severe than in influenza-
infected mice without antibiotic administration. Although
probiotics and FMT improved the severity of lung and in-
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Fig. 3. Results of Th1/Th2 and Th17/Treg in mice. (a) Th1, Th2, Th17, and Treg cells were analyzed using flow cytometry. (b) Results
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NS p > 0.05.

testinal infection in WT mice, these had no significant effect
on pulmonary infection in 7/+7~/~ mice.

First, it was necessary to establish an influenza mouse
model with antibiotic-induced intestinal dysbiosis. Under
normal conditions, the intestinal flora is in a dynamic bal-
ance, with rich and diverse species showing relatively sta-
ble proportions. The four main phyla—Firmicutes Bac-
teroidetes Actinobacteria and Proteobacteria account for
more than 90% of total intestinal bacteria [18,19]. Many
factors can cause an imbalance in the intestinal flora, in-
cluding environmental, nutritional, drug use, and antibiotic
abuse [20]. In this study, five different antibiotics were ad-
ministered to mice for destroying the intestinal flora, result-
ing in serious damage to species abundance [21,22]. Mice
were infected with the FM1 influenza virus to establish an
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influenza-infected mouse model with antibiotic-induced in-
testinal dysbiosis and probiotics and FMT were used to
regulate and rebuild intestinal microbial balance and pre-
vent diseases. Common probiotics include Lactobacillus,
Bifidobacterium, Streptococcus, Escherichia, and Bacillus
[23]. The Bifidobacterium and Lactobacillus triple live bac-
teria tablets used in this study are common probiotic prepa-
rations comprising B. longum, L. bulgaricus, and S. ther-
mophilus. FMT is also an effective method to restore and
regulate destroyed intestinal flora, often playing an impor-
tant role in many diseases, including diabetes, liver cirrho-
sis, and Clostridium difficile infections [24].

McDermott and others propose that mucosal immune
cells distributed across the body can interact with differ-
ent mucosal tissues and organs [25]. In the Virus group,
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infection with the influenza virus in the lungs led to intesti-
nal inflammatory cell infiltration. After the regulation of
intestinal flora in the Probiotics and FMT groups, lung tis-
sues followed the recovery trend of the intestinal mucosa,
to alleviate inflammation associated with viral infections. A
study by Takeshi Ichinohe reported that balanced intestinal
flora could regulate respiratory mucosal immunity through
the activation of inflammatory bodies, thus potentially reg-
ulating the respiratory mucosa via PRRs and releasing in-
terleukin along with Treg cells regulation [26]. Further-
more, probiotics or FMT repaired intestinal flora and im-
proved intestinal mucosa in 7 Ir7=/~ mice; however, there
was no significant effect on lung tissue and viral replica-
tion. This suggested that the TLR7 signaling pathway un-
derlies intestinal flora regulation of pulmonary inflamma-
tion in influenza-infected mice with antibiotic-induced in-
testinal dysbiosis.

TLR7 recognizes the ssSRNA genome of the influenza
viruses, which acts by activating MyD88, inducing NF-
kB p65 activation, cytokine secretion, and inflammatory
responses [27]. Previous reports indicate that the TLR/
NF-xB signal is overexpressed in mice with consumed in-
testinal flora, whereas the innate immune responses and in-
testinal flora recovery play an important role in defending
against pathogens, and maintaining the dynamic balance of
the immune system and intestinal microflora [28]. We ver-
ified that intestinal flora regulation mediated injury of the
intestinal mucosa in 7/7—/~ mice; however, no significant
effect was observed on lung tissues. This further suggested
that the TLR7/NF-xB signaling pathway was required for
intestinal flora regulation on lung tissue.

According to phenotypic and functional characteris-
tics, CD4+ T cells can be classified as Thl, Th2, Thl17,
Th22, T follicular helper cells (TfH), and Treg. The ra-
tio of Th1/Ir7~/~ Th2:Th17/Treg plays an important role
in hypersensitivity and autoimmune diseases [29,30]. Dis-
rupting the balance of intestinal flora with antibiotics re-
sulted in decreased IFN-g and IL-17 expressions, an in-
creased proportion of CD4+ CD25+ Foxp3+ Treg cells,
and a decreased ratio of Th1/Th2:Th17/Treg, unlike the
increasing trends during simple virus infections [31,32].
Hence, compared to simple virus-infected mice, Th1/Th2
and Th17/Treg cells in influenza-infected mice following
intestinal dysbiosis were greatly imbalanced. The same ex-
periment on 7/+—/~ mice showed that following probiotic
administration or FMT, although intestinal flora and mu-
cosa recovered, the ratio of Th1/Th2:Th17/Treg remained
consistenely low. TLR7 not only participates in the devel-
opment of airway inflammation, further activating MyD8&8
and NF-xB signaling pathways but also promotes the trans-
differentiation of CD4+ T cells into Tregs [33]. Therefore,
the TLR7/ NF-xB signaling pathway can regulate the bal-
ance of Th1 and Th2 cells through Treg cells regulations.

10

5. Conclusions

In summary, damage to lung tissue and intestinal mu-
cosa in influenza-infected mice with antibiotic-induced in-
testinal dysbiosis is more serious compared to simple virus-
infected mice. Improving intestinal flora using probiotics
or FMT can alleviate intestinal inflammation and improve
pulmonary inflammation through the TLR7 signaling path-
way. Therefore, further understanding of the relationship
between the molecular mechanism underlying the TLR7
signaling pathway and lung and intestinal mucosa may pro-
vide a new strategy for the development of antiviral therapy.
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