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ABSTRACT

Background: A low-clean living environment (LCLE) can increase gut microbial diversity and
prevent allergic diseases, whereas gut microbial dysbiosis is closely related to the pathogenesis of
asthma. Our previous studies suggested that soil in the LCLE is a key factor in shaping intestinal
microbiota. We aimed to explore whether sterilized soil intake as a prebiotic while being incu-
bated with microbes in the air can attenuate mouse asthma inflammation by modifying gut
microbiota.

Methods: 16S rRNA gene sequencing was used to analyze the gut microbial composition, in
combination with immune parameters measured in the lung and serum samples.

Results: 16S rRNA gene sequencing results showed significant differences in the fecal microbiota
composition between the test and control mice, with a higher abundance of Allobaculum, Alis-
tipes, and Lachnospiraceae_UCG-001, which produce short-chain fatty acids and are beneficial for
health in the test mice. Soil intake significantly downregulated the concentrations of IL-4 and IL-9 in
serum and increased the expression of IFN-y, which regulated the Th1/Th2 balance in the lung by
polarizing the immune system toward Th1, alleviating ovalbumin-induced asthma inflammation.
The effect of sensitization on gut microbiota was greater than that of air microbes and age
together but weaker than that of soil.

Conclusions: Soil intake effectively reduced the expression of inflammatory cytokines in asth-
matic mice, possibly by promoting the growth of multiple beneficial bacteria. The results indicated
that the development of soil-based prebiotic products might be used for allergic asthma man-
agement, and our study provides further evidence for the hygiene hypothesis.
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INTRODUCTION

Asthma is a common chronic respiratory in-
flammatory disease with symptoms including
shortness of breath, chest tightness, and coughing.
It affects over 300 million people worldwide, a
number that is expected to increase to 400 million
by 2025."

Numerous epidemiological studies have shown
that low-cleanliness living environment (LCLE)
exposure can protect against asthma and atopic
diseases.?** A previous study showed that mice
housed in cages with soil, house dust, and
decaying plant material had higher gut
microbial  diversity  and lower  serum
immunoglobulin E (IgE) levels than specific
pathogen-free (SPF) mice after administration of
2,4-dinitrofluorobenzene.® Similarly, Ottman et al
found that mice housed in LCLE altered gut
microbial composition and alleviated Th2-type
allergic responses.® In addition, LCLE exposure
resulted in faster gut microbiota maturation in
weaned  piglets.”  Furthermore,  keeping
antibiotic-treated mice in LCLE accelerated gut
microbial recovery.® Recently, human studies
showed that direct contact with the varied
microbial community of soil- and plant-based
material stabilized human gut microbes, trig-
gering a beneficial immune response in allergic
diseases.”

Targeting the gut microbiota using pro-
biotics,"®'" prebiotics,’® and fecal microbiota
transplantation®"* positively affects asthma. Due
to the diverse composition of LCLE, it remains
unclear which factors play a key role in its
protective effect against asthma. Our previous
study indicated that soil is a crucial factor in
shaping intestinal microecology and that
exposing mice to sterilized soil significantly
changed the gut microbial composition."®
Furthermore, ingestion of sterilized soil, while
inhaling microbes in the air, reduced serum IgE
levels by increasing gut microbial diversity."®
However, it is unknown whether the intake of
sterilized soil as a prebiotic can achieve a

therapeutic effect against ovalbumin (OVA)-
induced asthma by changing the intestinal
microbiota.

To explore the therapeutic effect of oral steril-
ized soil prebiotics on asthma and its effects on

intestinal microorganisms and immune function,
we established OVA-induced mouse asthma
models in an SPF animal room. These mice were
transferred to the general animal room, where they
could be continuously inoculated with the micro-
organisms in the air. Mice in the test group were
fed 5% sterilized soil. After 8 weeks of soil inter-
vention, 16S rRNA gene sequencing was used to
analyze the intestinal microbiota composition. The
effect of soil intake on the immune function of
asthmatic mice was investigated using patholog-
ical section examinations, flow cytometry analyses,
and reverse transcription-quantitative polymerase
chain reaction (RT-gPCR). As increasing evidence
shows the bidirectional communication between
the gut microbiota and systemic immunity along
the gut-lung axis,"”'® we also further examined
the differences in the intestinal microbiota
composition between the steady-state and asth-
matic mice.

METHODS

Animals and asthma model

Adult male and female Cs7 Bl/6 mice with the
same genetic background were purchased from
B&K Universal (Shanghai, China) and housed in the
SPF animal facility. All animal experiments were
approved by the National Institute of Bioscience
and the Advisory Committee on Animal Health
Research (Approval number: 2019101522). Male
mice (n = 23, 4 weeks old) were selected from the
offspring and co-housed until 8 weeks of age.
Then, they were randomly divided into P_Asthma
(n = 15) and P_PBS (n = 8) groups. After
completing asthma modeling, we randomly shuf-
fled 15 asthmatic mice into Asthma (n = 7) and Soil
(n = 8) groups to eliminate cage effects for sub-
sequent experiments, while the control group mice
(P_PBS) were re-labeled as the PBS group (n = 8).
Detailed information regarding the mice and
treatment is described in Table E1.

We employed the asthma modeling method
proposed by Noora et al® with appropriate
modifications (Fig. E1). P_Asthma group mice
were exposed to the murine asthma model
protocol, receiving 2 intraperitoneal injections of
50 pg OVA emulsified in 2.25 mg of alum in a
total volume of 100 pL of PBS on days 0 and 14,
followed by a 5% aerosolized OVA challenge
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from days 21-27 for 40 min each time. P_PBS
group  mice received 2  intraperitoneal
phosphate-buffered saline (PBS) injections and
were challenged with PBS only. The above
operations were conducted in the SPF animal
room.

We compared the baseline gut microbiota
levels after asthma modeling, and based on un-
weighted distance results, there were no differ-
ences between the Soil and Asthma groups mice
(Fig. E2). Then, all mice were transferred to the
general animal room. Asthma and PBS group
mice were fed a standard diet, while Soil group
mice were fed a standard diet containing 5%
sterilized soil. All conditions, including gender,
age, house temperature, and humidity, were equal
for the 3 groups. After 8 weeks of soil intervention,
Asthma and Soil group mice were challenged with
5% aerosolized OVA for 40 min, while PBS group
mice were challenged with PBS. Feces, lung,
serum, and bronchoalveolar lavage fluid (BALF)
samples were collected the next day for
subsequent experiments. The detailed timeline of
the experimental design is shown in Fig. E3.

Fecal collection

All fecal collection procedures were performed
on an ultra-clean bench in the animal room. The
anus of mice was wiped with alcohol before sam-
pling, after which mouse feces were collected into
sterilized 1.5 mL centrifuge tubes as fast as
possible. Specifically: lifted the mouse’s tail to
expose the anus, disinfected it with 70% alcohol,
and waited for the mouse to defecate naturally.
When the feces were about to be expelled,
immediately positioned the sterilized 1.5 mL
centrifuge tube close to the mouse's anus to
collect them into the sterile tube. Each tube con-
tained 1-2 pellets, which were then immediately
transferred to a —80°C freezer for storage until
analysis. During this process, any contaminated
feces were discarded.

Soil and feed

The soil used in the experiment was obtained
from the top 10 cm at Xiaozhuang farm.The area is
rich in vegetation, including various plants such as
shrubs, vines, and willows. Our previous soil anal-
ysis results indicate that there is no heavy metal
contamination.”’® The area has never been planted

with crops, hence chemical substances such as
herbicides or pesticides have not been used.
Additionally, there are no chemical factories
surrounding the farm; thus there is also no
presence of organic pollutants. The collected soil
was ground into powder, filtered, and then
sterilized. Sterilization was performed twice by
autoclaving at 121°C for 30 min. Standard feed
for mice (Xietong Pharmaceutical Bioengineering
Company) was ground into powder using a flour
mill. Sterilized soil (5 g) and standard feed (95 g)
were weighed and then mixed with sterilized
water on a super-clean bench. See Table S3 for a
detailed soil composition analysis.”®

DNA extraction and sequencing

DNA sequencing was performed at Shanghai
Lingen Biotechnology Co., Ltd. Fecal microbial
DNA was extracted using a fecal DNA kit (Omega
Bio-tek, Norcross, GA, USA). The V4-V5 region of
the bacterial 16S ribosomal RNA gene was ampli-
fied using polymerase chain reaction (PCR) and
515F 5'-barcode-GTGCCAGCMGCCGCGG-3' and
907R 5-CCGTCAATTCMTTTRAGTTT-3' primers.
PCR products were quantified using the
QuantiFluor™-ST Blue Fluorescence Quantification
System (Promega). After lllumina PE250 library
construction, sequencing of PCR product libraries
was performed on the lllumina MiSeq platform
(Ilumina Inc., San Diego, CA, USA). The paired-end
(PE) reads obtained from sequencing were spliced
into a sequence according to the overlapping
relationship between them, while the sequence
quality was controlled and filtered. Using the
QIIME software package (V1.9.0 http://qiime.org/
scripts/assign_taxonomy.html), sequences with
similarities >97% were clustered into an opera-
tional taxonomic unit (OTU) and analyzed taxo-
nomically for species.

Real-time quantitative PCR

Total RNA was extracted from mouse lung tissue
using an RNA extraction kit according to the
manufacturer’s instructions (BioMiGA, China). All
materials required for the experiment were
treated with diethyl pyrocarbonate (DEPC) water to
remove RNA enzymes (BioMiGA, China). cDNA
was obtained using reverse transcription PCR
(Yugong Biolabs, China). The reaction system was
prepared according to the kit's requirements
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(Yugong Biolabs), and fluorescence quantitative
analysis was performed using the ABI 7500 PCR
system (Applied Biosystems). Conditions were as
follows: 30 s at 95°C, 40 cycles of 10 s at 95°C, and
30 s at 60°C, followed by 15 s at 95°C, 60 s at 60°C,
and 15 s at 95°C. The cytokine mRNA expression
levels were calculated according to the 2~ AACT
formula. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as a control.

Flow cytometry

The LEGENDplex™ MU Th Panel kit (Biolegend)
was used to detect serum cytokine concentrations
using flow cytometry (FACS Calibur). Quantitative
analyte analysis was performed using LEGENDplex
v8.0 software.

RESULTS

Soil intake shapes the gut microbial composition
and promotes beneficial bacterial growth

Mice were transferred to the general animal
room, where they were incubated with air micro-
organisms (Fig. 1A). Soil group mice were
simultaneously fed 5% sterilized soil. After the 8-
week soil treatment, feces were collected for 16S
rRNA gene sequencing.

Principal coordinates analysis (PCoA) of the un-
weighted UniFrac distance showed that the gut
microbial composition differed significantly among
the 3 groups and that soil intervention contributed
to the unique microbial structure and composition
(Fig. 1B). The distance between the Soil group and
Asthma group or PBS group was significantly
greater than that between the PBS and Asthma
groups (Fig. 1C and Table E2), suggesting that the
similarity between the Asthma and PBS groups
was the highest, while the difference between the
intestinal microorganisms in the Soil group and
Asthma and PBS groups was more pronounced,
indicating that soil significantly affected the gut
microbial composition. Furthermore, the PCoA of
the Bray-Curtis distance was similar to that of the
unweighted UniFrac distance (Fig. 1D and E).

At the phylum level, the gut microbial commu-
nities of all 3 groups of mice were dominated by
Bacteroidetes and Firmicutes (Fig. E4B and
Table E3), and the Bacteroidetes/Firmicutes ratio

of the Soil and Asthma groups was significantly
lower than that of the PBS group, but no
significant differences were found between the
Asthma and Soil groups (Fig. E4C). Compared to
the Asthma group, the abundance of
Actinobacteria was significantly lower in both the
PBS and Soil groups (Fig. 2A). Significant changes
were found in the genus composition of
Actinobacteria (Fig. 2B), Firmicutes (Fig. 2C), and
Bacteroidetes (Fig. E4D). Soil group mice showed
a significant change in the percentage of genus
composition with a higher abundance of
Allobaculum, Alistipes, Monoglobus, Rikenellaceae
_RC9_gut_group, and Christensenellaceae R-7
group. (Fig. 2D and E4E and Table E4). The
heatmap of the top 250 OTUs revealed that soil
intake had a significant effect on OTUs in
asthmatic mice and that it promoted the growth of
some bacterial OTUs (Fig. 2E).

Linear discriminant analysis effect size (LEfSe)
analysis was performed to identify the most
differentially abundant taxa between Asthma and
Soil groups. LEfSe analysis showed a significant
increase in the phylum Actinobacteria in the
Asthma group compared to that in the Soil group.
Furthermore, Allobaculum, Alistipes (Fig. 3A and
B), Lachnospiraceae UCG-001, and Flavonifractor
were significantly enriched in the Soil group,
while Turicibacter (Fig. E4F) dominated in the
Asthma group mice. To reveal the relationship
between samples and bacterial abundance,
Circos analysis was performed. The Circos plot
demonstrated that Lachnospiraceae_NK4A136_
group, lleibacterium, and Allobaculum were
more abundant in the Soil group, while the
association with Ligilactobacillus appeared to be
clearer in the Asthma group (Fig. 3CQC).
Interestingly, growth-promoting bacteria with
soil, including Allobaculum, Alistipes, Lachno-
spiraceae_UCG-001, Rikenellaceae_RC9_gut_
group, and  Christensenellaceae_R-7_group,
could produce short-chain fatty acids (SCFAs),"®"
23 belonging to beneficial bacteria in the
intestine, while Turicibacter, whose growth is
inhibited, was previously shown to be a
conditionally pathogenic bacterium?* and the
core genus in an house-dust-mite (HDM)-
induced asthma model.?®
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Fig. 1 Schematic diagram of experimental treatments and gut microbial beta diversity. A. Soil treatment mode for asthmatic mice:
after completing the asthma model in the SPF animal room, all 3 groups of mice were transferred to the general animal room with microbes
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nonparametric Kruskal-Wallis test with Bonferroni post hoc and one-way ANOVA. n = 7-8.

Heatmap analysis at the species level revealed
that the species composition of the intestinal
bacterial community changed after soil intake
(Fig. 3D). Specifically, soil ingestion boosted
the growth of Allobaculum_Unclassified,
Alistipes_Unclassified, Rikenellaceae RC9 gut
group_unculutured bacterium, and Romboustia_
unculutured bacterium, whereas the abundance
of  [Eubacterium]  xylanophilum  group_
uncultured bacterium, Ligilactobacillus_
Unclassified, and Atopobiaceae_Unclassified
decreased in the Soil group (Fig. 3E-E4G and
Table E5).

Hence, soil intake significantly altered the
mouse gut microbial structure and composition
and promoted the growth of various beneficial
bacteria. OVA sensitization also significantly
affected the mouse intestinal microbial composi-
tion, but the effect was not as strong as that of soil
intervention.

Soil intake attenuated lung inflammation and
alleviated Th2-type allergic responses

To study the therapeutic effect of soil intake on
OVA-induced lung inflammation, we examined the



6 Li et al. World Allergy Organization Journal (2024) 17:100897
http://doi.org/10.1016/j.waojou.2024.100897
A B & Asthma C o
450 Actinobacteriota s £ | Asthma | PBS | Soil
— g 3 601
= =]
375 S 2
» = 2
2 300 s 5 404
< < =
= <
= 225 2 @ 204
=2 ] =
2 ] =}
&~ - . & 0
75 Actinobacteriota Firmicutes
= M Unclassified H DNF00309 M Other M Faecalibaculum B Other M Lactobacillus M Colidextribacter
Asthma PBS Soil W Enterorhabdus M Pseudarthrobacter B Allobaculum M norank B od W Lisil i
M Bifidobacterium M Coriobacteriaceae UCG-002 g lei jum B Dubosiella l L iraceae NK4A136 group
D Allobaculum Alistipes E  Asthma PBS Soil
9000] ——E—— 1200 — !
3 —= R —— — Group
§ & - — — = : 8
5 6000 800 — = —_ ——
g 6
= S0 i 400 — : — e ——— . ———— 4
of o i i —— = =_
Asthma PBS  Soil " Asthma PBS  Soil E = - —— — Eﬁlo
e ey —
Monoglobus Rikenellaceae RCY gut grou [ == _L:_¥f_ = = =
o 200 = * 400 — : — _;7_—1___— ee———
Q —— | — e e — —— [ —
S 150 300 = = = =
= . - - = —
g 100 200 == = _"u= ==—_ =
2 — — — — =
< 50 100] . —= = =_—]
N PR | i ! —=
Asthma PBS  Soil Asthma PBS  Soil o - o

Fig. 2 Comparison of intestinal microbial composition and structure. A. Actinobacteriota abundance. B, C. Detailed relative abundance
of bacterial genera in the phyla Actinobacteriota and Firmicutes. D. Abundance of bacterial genera. E. Heatmap of the impact of sterilized
soil intake on OTUs at a 97% threshold. *P < 0.05, **P < 0.01. According to the non-parametric test of Kruskal-Wallis with Bonferroni

correction. n = 7-8.

Allobaculum
g_ CandidafusSoleaferrea
f__Rikenellaceae
unculture
g__ FTavonifractor
listipes
o__Flavobacteriales
[_Flavobacteriaceae
g_ LachnaspiraceacUCG_009
. g__unculfured
LachnospiraceaeUCG_001
g Euéacler|um_rummantmmgroup
o__Bacteroidales
p__Bl:;cteroidsta
¢ Bacteroidia
f_Mﬁ*ibsculaceaﬁ
noran|
E—"Giher
. Oth
f__Defluviitaleaceae
g_ DefluviitaleaceaeUCG. 011
g_k_nm:ank
o__RicRettsiales
« f_"Mitochondria
g Ellbﬂclerlllmixylﬂl’lophllllm%l’ollp
__Firmicutes
g_ Faecalibaculum
er
Other

er
g__Christensenella
g__Turicibacter

g Al
achnospiraceaeurowc

PrevotellaoeanCG~001
Mucispirillum

- >y
I
z
=
£
I
]
g
I

=

00
.00

PBS

Asthma

S-ﬂ‘

Allobaculum

0.03

—————— = | 0.02
= |
_—.—.—.—

Relative Abundance

0.01
——

(U

0.00
PBS

2 3 4
LDA SCORE (log 10)

Asthma

PBS

Asthma M

m

Alistipes
Soil

D

$ 3 = —

E

Allobaculum_Unclassified

9000 E=—

.=

Asthma PBS  Soil

6000
3000

0

Alistipes Unclassified

Hok

*k

B

Asthma PBS Soil
Turicibacter_uncultured bacterium
—_—

*%

=

Asthma PBS

Abundance
e —_—
[ o®©
=] =)

(=
>

400

200

Soil

Fig. 3 Soil intake effects on OTUs, genera, and species in asthmatic mice. A. The most differentially abundant taxa identified by LEfSe in
the 3 groups at the genus level. Soil-enriched taxa are labeled in grey, and taxa enriched in the Asthma group are labeled in red. Only taxa
meeting an LDA significance threshold of >3.0 are shown. B. Relative abundance of biomarkers identified by LFfSe in mice of each group.
C. Circos plot. The left semi-circle is the distribution of the more dominant bacterial genus in each sample, and each bacterial genus was
assigned a specific color. The right semi-circle represents different samples. S: Soil; A: Asthma. D. Heatmap of the impact of sterilized soil
intake at the species level. E. Differential species among the 3 groups. *P < 0.05, **P < 0.01. According to the non-parametric Kruskal-

Wallis test with Bonferroni post hoc. n = 7-8


https://doi.org/10.1016/j.waojou.2024.100897

Volume 17, No. 4, Month 2024

B
3

Edw
.
- = = 0
X Asthma PBS  Soil
* %
£2s
g2 220
215
=
=10
2| £s
: = oAsthma PBS  Soil
o arrn
" é 20
=z Zis
)
2 £
x g s
0 :
C 50l %%  =EAsthmamm PBS B Soil D 101 Asthima FBS. Sl
g : [Thi/ThZ ~ TregTh17  Treg/Th2
2 167 84
g 1
Z12- ,L‘ 6 - . % *
P .
5 4
2 °] S 44 .
= . ~ .
B -] & 3 r :
NPT | [ L I
o : o7 »
-4 0 8= . % .
-4
E IL-4 IL-10 IFN-y F IFN-y/IL-5 IL-10/IL-17F  IL-10/IL-5
601 320+
*
= S -~
=451 &~ g 240
) =
= 2
£30 E 160
g 151 I I I § 80
=
(=] %= I < I
O - = ] gy B &) - - . =l .
04 0-
IL-9 IL4 IL-6 IL-17F IL-13 IL-5 IL-17A IL-22 TNF-o¢
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Kruskal-Wallis test with Bonferroni post hoc were used. n = 7-8

immune status of the lung, BALF, and serum. He-
matoxylin and eosin (HE) and periodic acid-Schiff
(PAS) staining results showed that the alveolar
structure was intact in the PBS group, with no
evident inflammatory cell infiltration or mucus in
the lung. In contrast, Asthma group mice devel-
oped severe inflammation with more inflammatory
cell infiltration and lung tissue mucus, while soil
ingestion significantly reduced the numbers of
total cells, eosinophils, and neutrophils, and lung

inflammation was improved in the Soil group
(Fig. 4A and B).

To further explore the underlying mechanisms,
the gene expression levels of asthma-related cy-
tokines in the lung were investigated. Soil intake
upregulated IFN-y and downregulated IL-4 in the
lung, which altered the Th1/Th2 balance and
skewed the immune system toward a higher level
of anti-inflammatory signaling, attenuating OVA-
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induced allergic asthma responses (Fig. 4C and D
and Table E6). IL-10 levels in the lung were rela-
tively higher than those of IL-17F and IL-5 in the
Soil group compared with the PBS and Asthma
groups, although this difference was not significant
(Fig. 4D and Table E6). Furthermore, we examined
the changes in serum immune parameters. Soil
intake  significantly ~ decreased the serum
concentrations of IL-4 and IL-9, which can elevate
the asthma exacerbation risk (Fig. 4E). We also
observed a decrease in the concentrations of
other asthma-related inflammatory cytokines,
including IL-6, IL-17F, IL-13, IL-5, IL-17A, IL-22, and
TNF-a, in the serum after soil intervention (Fig. 4E
and F). However, probably due to the small
sample size, this difference was not statistically
significant.

Thus, soil intervention effectively reduces
asthma pro-inflammatory cytokine expression
levels, alleviating asthma inflammation. A reduced
Th2-type allergic response was one of the under-
lying mechanisms. In contrast, no significant effect
on asthma was found with simple air microor-
ganism exposure in the general animal rooms.

Influence of OVA sensitization, air microbes, and
age on the gut microbial composition

The "gut-lung axis” states that sensitization
processes contribute to changes in intestinal mi-
croorganisms and that gut microbial dysbiosis can
in turn aggravate lung inflammation.?® To
investigate the effect of OVA sensitization on
intestinal microbial composition in mice, we
analyzed fecal microbiota. PCoA based on the
unweighted UniFrac distance showed obvious
differences between the P_Asthma and P_PBS
groups (Fig. 5A). Furthermore, nonmetric
multidimensional scaling analysis was similar to
that of the unweighted UniFrac distance matrix
(Fig. 5B).

OVA sensitization changed the microbial com-
munities at the phylum level, with a lower abun-
dance of Proteobacteria (Fig. 5C and Table E7).
The gut microbial communities of both P_Asthma
and P_PBS mice were dominated by
Bacteroidetes and Firmicutes (Fig. E5a), and
sensitization did not change the Bacteroidetes/
Firmicutes ratio (Fig. ESB). Detailed genera

compositions of Firmicutes (Fig. 5D),
Proteobacteria (Fig. 5E), and Bacteroidata
(Fig. ESC) are shown. At the genus level, a higher
abundance of Dubosiell, Parasutterell, Rikenella,
and Catenibacterium was observed in the
P_Asthma group. In contrast, the abundance of
Muribaculum, Staphylococcus, and Butyricicoccus
decreased in asthmatic mice (Fig. 5F-E5D, and
Table E8). LEfSe results identified 3 bacterial
genera (Dubosiella, lleibacterium, and
Faecalibaculum) enriched in the P_Asthma group
with a linear discriminant analysis (LDA) score
>3.2 (Fig. 5G and H and Fig. E5F). A heatmap at
the species level revealed that sensitization
changed the species composition of the intestinal
bacterial community (Fig. 51), and sensitization
promoted the growth of Dubosiella_uncultured
bacterium,  Burkholderiales  bacterium  YL45,
Bacteroides_uncultured bacterium, and
Catenibacterium_uncultured  bacterium,  while
the abundance of Muribaculum_uncultured
bacterium,  Staphylococcus_Unclassified,  and
Butyricicoccus_uncultured bacterium decreased
in asthmatic mice (Fig. 5J-E5E and Table E9).
Thus, sensitization has a significant effect on gut
microbial composition and structure.

Several reports indicate that farm environmental
microbes*?” and age®®?? affect the gut
microbiota. We investigated these findings, and
the PCoA results (Fig. E6A) showed a significant
difference between the P-Asthma and Asthma
groups and between the P-PBS and PBS groups.
However, the effect of air microorganisms and
age on the mouse gut microbiota was weaker
than that of OVA sensitization (Fig. E6B) and
largely weaker than that of soil (Fig. E7). The
LEfSe results showed (Fig. E8) that for asthmatic
mice, air microbes and age significantly
increased the phylum Firmicutes and genera
Ligilactobacillus and Faecalibaculum, while for
normal mice, air microbes and age significantly
increased the genera Dubosiella, lleibacterium,
and Lactobacillus (Fig. E9).

In conclusion, air microorganisms and age and
sensitization had significant effects on mouse gut
microbes, with sensitization having greater effects
on mouse gut microbes than air microorganisms
and age together, but all these effects were weaker
than those of soil.
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Fig. 5 Sensitization altered gut microbial composition. A. PCoA of unweighted UniFrac distance. B. Nonmetric multidimensional scaling
of Bray-Curtis distance. C. The abundance of the fecal bacterial phylum Proteobacteria. D, E. Detailed relative abundance of bacterial genera
in the phyla Firmicutes and Proteobacteria. F. Differential genera. G. LEfSe analysis for characteristic microbial genera in the P_Asthma and
P_PBS groups with an LDA score >3.2. H. Relative abundance of the most differentially abundant genera identified by LFfSe. |. Heatmap at
the species level. J. Differential species. *P < 0.05, **P < 0.01. According to the two-tailed least significant difference test. n = 8-15.

DISCUSSION

We used OVA-induced asthma model mice to
investigate the effects of sterilized soil intake, as a
prebiotic, accompanied by air microorganism
exposure on asthmatic mice. We found that soil
prebiotics significantly altered the gut microbial
composition and attenuated inflammation in asth-
matic mice. Further studies revealed that this
improvement in inflammation was achieved by
reducing the serum concentrations of Th2-related
cytokines and regulating the Th1/Th2 balance by
enhancing anti-inflammatory signaling in the lung.

Soil intake decreased the expression level of
inflammatory cytokines possibly by increasing the
growth of a variety of beneficial commensal bac-
teria that are protective against allergies in
the intestine, including Alistipes, Rikenella-
ceae_RC9_gut group, Allobaculum, lleibacterium,
and Christensenellaceae, and decreasing patho-
genic bacteria abundance associated with asthma.
Several studies have shown that a reduced abun-
dance of Alistipes was observed in populations
with asthma and food allergies®*®*" and a higher
abundance of Alistipes correlated with higher
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fecal and serum acetate and fecal butyrate
levels.**  Similarly, the Rikenellaceae_RC9_gut
group is positively correlated with butyric and
valeric acid and can alleviate colitis symptoms
by stimulating Treg cell differentiation.334
Lachnospiraceae UCG-0013° and lleibacterium,®
which can produce SCFAs, have been reported
to be beneficial against inflammation.
Allobaculum was related to the increase in
SCFA production, especially butyrate."®2%37
Christensenellaceae is widespread in humans and

animals, playing a key role in maintaining host
health.®®

The effect of soil ingestion on asthma-related
pro-inflammatory cytokines is consistent with
LCLE exposure. First, it can be seen from the HE
staining and BALF that soil intake and keeping
mice in an LCLE® have similar protective effects
against lung inflammation. Furthermore, asthma
was prevented in mice housed in cages with soil
with lower expression of IL-5 and IL-13 in the
lung and higher expression of IFN-y, altering the
Th1/Th2 balance.® Similarly, our results showed
that the IFN-y level was significantly higher in the
lung, which altered the Th1/Th2 balance, skewing
the immune system toward higher levels of anti-
inflammatory signaling and thereby attenuating
allergic responses. Exposure to forests, grasslands,
climbing, and digging mud can increase the serum
IL-10:IL-17A ratio among daycare children.*? Soil
intake also affected the Treg/Th17 balance, and
the expression of anti-inflammatory IL-10 relative
to that of IL-5 in the lung was greater in the Sail
group, which positively improved asthma symp-
toms, although the difference was not significant.
Gonzélez-Rodriguez et al found that exposure to
dust derived from sterilized forest soil reduced the
levels of IL-17F in serum and TNF-a in spleno-
cytes.*® Similarly, in our study, reductions in the
serum concentrations of IL-17F and TNF-o. were
observed after soil ingestion. A significant
decrease in IL-9 and IL-4 was observed in serum
after soil intervention. IL-9 can promote the prolif-
eration and differentiation of mast cells and in-
crease IgE production, while IL-4 can promote
airway hyperresponsiveness, thereby exacerbating
asthma  symptoms.*'*?  Furthermore,  the
concentrations of serum IL-6 and IL-22 were
lower after soil intake. Increased serum IL-6 levels
were observed in asthmatic patients and

correlated with the risk of asthma exacerba-
tion.**4% |L-22, an important effector molecule
produced by Th17 cells, can drive airway hyper-
responsiveness in combination with IL-17.4°
Although several pro-inflammatory cytokines did
show a noticeable decreasing trend, the differ-
ences were not statistically significant, probably
due to the small sample size. The reduction in the
numbers of total cells, eosinophils, and neutrophils
in BALF in the Soil group further supported the
alleviation of asthma inflammation. Inflammatory
cell infiltration in the lung was significantly
reduced, the alveolar wall structure was more
intact, and mucus secretion in the bronchi was
considerably improved after soil intervention.

Although edible soil’® and LCLE exposure®®
can effectively alleviate allergen-induced lung
inflammation, edible soil has more advantages
than LCLE treatment: (l) in contrast to LCLE, steril-
ized soil does not contain pathogens causing in-
fections; (II) LCLE does not conform to the lifestyle
of modern people; (lll) taking soil as a prebiotic to
treat asthma is more convenient; and (IV) edible
soil is safe. Since prehistory, humans have taken
mineral- and trace element-rich soil and used
selected soils for medicinal purposes, usually for
the treatment of gastrointestinal ailments.*® Some
commercial medicines (e.g., kaopectate) contain
soil components and are widely used to treat
diarrhea, nausea, and other diseases. Moreover,
soil contains a large number of natural clay
minerals, such as montmorillonite and kaolinite,*”
which are traditional Chinese medicines used to
treat certain diseases. In addition, heat-killed bac-
teria®®?? and bacterial endotoxin®® can also
effectively stimulate our immune response.
Further study investigating the reasons for the
immune changes caused by soil ingestion is
warranted.

Soil ingestion altered the gut microbial
composition in asthmatic mice, but no increase in
intestinal microbial diversity or richness was found,
which is inconsistent with the findings by Zhou
et al."® Presumably, this may be due to the
influence of stress. In this experiment, mice were
challenged with OVA in a confined space for
40 min to induce asthma symptoms, and our
sampling time was 24 h post-challenge. The ef-
fects of stress on the gut microbiota have been
previously reported®'®? and gut microbial
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diversity needs sufficient time to recover.® Ottman
et al did not observe changes in intestinal
microbial diversity when the asthma model was
established in mice raised in LCLE,® consistent
with our results.

It is unclear how soil supports the growth of a
variety of beneficial commensal bacteria. Presum-
ably, natural clay minerals that are widespread in
soil, including montmorillonite, kaolinite, and
illite, may play a key role in shaping the gut
microbiota. Wavelength Dispersive X-Ray Fluores-
cence Spectrometer was used to analyze the soil
composition we used in our previous study."® The
analysis results show that the main components in
the soil are SiO, and Al,O3, accounting for a high
proportion of 72.07%. Some clay minerals, such as
kaolinite, montmorillonite, and vermiculite, have
SiO, and Al,O3 as their main components.53
These clay minerals have a large specific surface
area and cation exchange capacity per unit
mass, so they can adsorb microbial cells and
obtain nutrients (e.g., polysaccharides secreted
by microorganisms) to interact with soil
microorganisms to affect their growth and
function and support biofilm formation,*” which
is key to improving bacterial species colonization.
Oral administration of montmorillonite can help
probiotics, especially lactic acid bacteria (LABs),
form biofilms on their surface and further
promote the growth of LABs to enhance anti-
tumor responses.54 The gut is a large reservoir
inhabiting trillions of bacteria. Hence, we
speculate that these microbes can interact
extensively with clay minerals in the soil, and
microorganisms in the intestine may form
biofilms on the surface of these particles to
modify the gut microbiota, which might be a
potential mechanism of soil-induced changes in
intestinal microbes. However, whether the specific
cause of soil-induced changes in gut microbiota is
attributed to clay minerals still requires further
research for confirmation. In future studies, more
refined research on soil, especially focusing on
clay minerals, should be conducted to identify the
key substances in soil shaping the gut microbiota.

In our study, both sensitization and air microor-
ganisms and age had a significant effect on mouse
intestinal microbes. Two possible factors affect in-
testinal microorganisms during sensitization: the
sensitization-induced inflammatory state and stress

11

responses. Both the inflammatory state®® and
stress®’ affect mouse gut microbes, consistent
with our results. However, further experiments are
needed to prove which factor is more influential.
Furthermore, air microorganisms and age also
significantly affected the intestinal microorganisms
in mice. Both air microorganisms* and age?® had
an effect on gut microorganisms, but in this study,
the effect of age may be smaller because the
samples were collected twice in the adult stage,
and the microbiota displays a stable homeostatic
state in adulthood.®® Thus, air microorganisms
may have a greater effect on mouse gut
microorganisms than age, but their effects are
significantly smaller than those of soil. Surprisingly,
the effect of sensitization on gut microbes was
greater than that of air microbes and age together.

CONCLUSION

Soil intake significantly reduced the expression
of asthma-related proinflammatory cytokines in
mouse models, which is associated with promoting
the growth of gut-beneficial bacteria. The protec-
tive effects and mechanism of soil intake on
asthma are consistent with those of LCLE, but
edible soil is easier to implement in the clinic. The
results indicated that the development of soil-
based prebiotic products might be used for
allergic asthma intervention.
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