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ABSTRACT

Several studies have reported that gut and lung microbiomes are involved in the process of asthma
pathogenesis. However, it remains unclear how perinatal or early-life antibiotic intervention affect adult
allergic airway inflammation. We assigned C57BL/6 mice randomly to four experimental groups: normal saline
control (NS), ovalbumin (OVA), vancomycin pretreated NS (VAN-NS), and vancomycin pretreated OVA (VAN-
OVA). The vancomycin groups were orally given the drug from gestational day 14 to 6 week. An OVA-induced
asthma model was then established at 6 weeks of age, and airway inflammation was evaluated. In addition,
total DNA was extracted from the feces and lung tissue and used for 16S rDNA gene sequencing, to detect the
composition of the microbiome. In the VAN-OVA group, airway inflammation and Th2-related cytokines were
found to be significantly increased versus the control groups. Gene sequencing showed that vancomycin
treatment attenuated the richness and evenness, and altered the composition of the microbiome in the gut and
lung. Micrococcaceae and Clostridiaceae-1 were potentially correlated to the severity of allergic airway
inflammation. Our study suggests that perinatal and early-life vancomycin intervention aggravates allergic
inflammation in adulthood, which might be correlated with imbalanced gut and lung microbiome homeostasis.

infections or exposure to microorganisms, the changes
in the host microbiome composition are related to
Asthma is defined as an allergen-induced chronic asthma development [3, 4]. Personal hygiene
airway inflammation disease, characteristic of airway improvement and declining family size reduce early-life
hyperresponsiveness  (AHR), reversible  airflow microbiome exposure are associated with an increased
restriction, and airway remodeling. The clinical risk of atopic diseases [5].

symptoms include coughing, wheezing, dyspnea, and

INTRODUCTION

chest tightness. Asthma is thought to be caused by a
combination of genetic and environmental factors [1].
More recently, several internal factors in the
microbiome have also been shown to play an important
role in the pathogenesis of asthma [2]. Whether

The last century has shown an alarming rise in immune
dysregulation diseases, leading to the hygiene
hypothesis. The prevalence of these immune disorders
is thought to be associated with reduced type 1 immune
responses. In the past few decades, several studies have
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demonstrated that microbial dysbiosis is important for
immune  imbalance—especially = the  microbial
colonization and immunostimulatory signals during
early life or those passed on by the mother [6].

The occurrence and development of infectious diseases,
obesity, diabetes, liver diseases, coronary heart disease,
tumors, and hypersensitivity disease are closely related
to the microbiome dysbiosis [7—11]. Many different
bacteria colonize different parts of the body. For
example, there are over 1,000 different bacterial species
that encode about 5 million genes that colonize the
intestinal tract. Moreover, each site is characteristic to
the specific microbiota populations [12]. The intestinal
tract is reported to be sterile in utero; gut microbiota
colonization occurs after birth [13]. In the early stages
of life, the composition of the intestinal microbiota is
influenced by diet and changes with age [14]. The
dominant phyla are Firmicutes and Bacteroidetes in the
intestinal microbiome of healthy humans; there are also
some Proteobacteria, Actinobacteria, Verrucomicrobia,
and Cyanobacteria [15, 16].

It has also been reported that neonatal and continuous

asthma model increases major indicators of airway
inflammation [17]. In contrast, our study was designed
to treat the perinatal and early-life period in mice up to
6-weeks old, which is similar to the general clinical
picture. We found that mice receiving vancomycin in
perinatal and early life had irritated airway
inflammation when they became adults. With 16S
rDNA  Amplicon Sequencing technology, we
demonstrated that the microecology of the gut and
airway changed after vancomycin treatment—which
might correlate to airway allergic eosinophilia.

RESULTS

Perinatal and early-life vancomycin treatment
aggravate airway inflammation in adulthood

To clarify the effect of antibiotics in early life on
asthma, we established the following models: mice
being exposed to vancomycin from late pregnancy
(gestational day 14) to 6 weeks of age, when an OVA-
induced asthma model was established (Figure 1A).
Compared to the OVA group, vancomycin
administration led to an increasing tendency in total cell

vancomycin administration in the murine allergic number and eosinophils (absolute counts and
Ova
A Py Vancomycin(200mg/L) Sensitization: Ova/Ablum Challenge Sacrifice
By ——— — | 1]
Pregnant mice 2 Q% w0 14 24 25 26 27 (day)
Offspring Offspring (6W)
B C D Kk
*kk L
— NS dededede
E 30 lududul %‘ 20 OVA = 80 ey
= — = %%%x [ VANNS -
8 xn 3 15 — vanova S oo —|_
E 5 ! - F
20 T Sm KhkKk
= L wid I 1 §Z 40
S 5 §E
£ 10 a 3- —
= E & 1 2 g2
8 - @ =3
= ] b ®
g 0 O o “ e 0
& v & > N N
L N, ¢ S LS AN
¥ F &° &€ &° & &F N
E F <& B4 & ' N\s
: . 3
5 :-:: 8 —
2 7 T
5 e
> o *k
@ >
Py [
2 gl T
< < 2 =
& P4
£ £ -
< l & & ‘y\{a 93-
= &

Figure 1. Vancomycin use in perinatal and early life exacerbated allergic airway inflammation. (A) Representative time course for
the vancomycin procedure involved the murine asthma model. (B, C) Total cell count and cell differentiation of inflammation cells in BALF. (D)
The percentage of eosinophils in BALF quantified by Wright-Giemsa staining (Radnor, PA, USA). (E, F) IL-13 and IL-4 relative mRNA expression
in lung tissue was measured by Q-PCR. Data are shown as means + SEM with 10 samples per group. (¥*P < 0.05; **P < 0.01; ***P < 0.001;

*x%P < 0,.0001).
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differential) in bronchoalveolar lavage fluid (BALF)
(Figure 1B—1D). The inflammatory cytokines IL-13 and
IL-4 from lung tissue were elevated and compared to
mice  without vancomycin administration by
quantitative real-time PCR (Q-PCR) (Figure 1E, 1F).

We then examined the pulmonary pathology sections
stained with hematoxylin/eosin (H&E) and periodic acid-
Schiff (PAS) staining. In the OVA-induced asthmatic
mice, inflammatory cells around the trachea and mucin
secretion markedly increased in comparison to the control
group. In the vancomycin-treated group, both the
inflammation cells and mucus production were
significantly  increased versus the OVA group

(Figure 2).

Vancomycin alters the richness and evenness of the
gut and lung microbiome

To further investigate how vancomycin affects OVA-
induced airway inflammation, we collected the feces
and lung tissue of the mice, and examined the
composition of the microbiome via 16S rDNA gene
sequencing. The differences in the species and quantity
of microbiota were obvious between these groups.

A NS OVA

Control

Van -«

H&E Staining (200x)
C NS OVA
Control §
Van
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The rank-abundance curve describes the richness and
evenness of the microbial species and showed that these
difference between groups were insignificant. In the
VAN-NS and VAN-OVA groups, the richness and
evenness of the microbiota was reduced in the gut and
the lung, compared to the NS and OVA groups (Figure
3A, 3B). This suggests that vancomycin administration
impaired homeostasis and reduced these variables in the
gut and lung microbiota.

Vancomycin changes the composition of the gut and
lung microbiome

We analyzed the top ten species in each group at the
class level-—and found that the proportion of dominant
bacteria varied in different groups. In feces samples of
the NS group, the top three species were Bacteroidia
(51.97%, which belong to phylum Bacteroidetes),
Clostridia (36.53%, which belong to phylum
Firmicutes), and Betaproteobacteria (2.03%, which
belong to phylum Proteobacteria). In the feces of
OVA-induced allergic asthma mice, the abundance of
Clostridia distinctly decreased to 15.48%, and the
Bacteroidia increased to 74.35%. In the VAN-OVA
group, Clostridia decreased from 15.48% to 8.14%,
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Figure 2. Vancomycin aggravates inflammatory cell infiltration and mucus secretion in the OVA-induced asthma model. (A, C)
Representative H&E and PAS staining of lung sections. (B, D) Peribronchiolar and perivascular inflammation score, and mucus production
with semi-quantification (score: 0-4) under the microscope (n = 8) (10 x 20 magnification). Data shown as means = SEM. (*P < 0.05; **P <

0.01; ***P< 0.001; ****p< 0.0001).
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Figure 3. Vancomycin use reduced the richness and evenness of the microorganisms in the gut and lung. Rank-Abundance
curves of all experimental groups. Lateral axis indicates the richness of samples, slope of curves indicates evenness of the microbiome in the
(A) gut and (B) lung (n = 3). (NS.S: stool sample of the NS group; OVA.S: stool sample of the OVA group; VAN.NS.S: stool sample of the VAN-
NS group; VAN.OVA.S: stool sample of the VAN-OVA group; NS.L: lung tissue of the NS group; OVA.L: lung tissue of the OVA group; VAN.NS.L:
lung tissue of the VAN-NS group; VAN.OVA.L: lung tissue of the VAN-OVA group).
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Figure 4. Vancomycin pretreatment alter the microbiome in both gut and lung in the OVA-induced asthma model. (A, B)
Composition of bacterial community at class level. The top 10 species are shown, and the other phyla are included as “Others”. Relative
abundance of the (A) gut and (B) lung microbiota at the class level. (C, D) Heatmap showing the relative abundance of the top 35 bacterial
genera in the gut and lung microbiome, depicted by color intensity. The relative abundance at the class level of the (C) gut and (D) lung
microbiota (n = 3) (NS.S: stool sample of the NS group; OVA.S: stool sample of the OVA group; VAN.OVA.S: stool sample of the Van-OVA
group; NS.L: lung tissue of the NS group; OVA.L: lung tissue of the OVA group; VAN.OVA.L: lung tissue of the Van-OVA group).
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while Bacteroidia was enriched to 82.45% from
74.35%; Betaproteobacteria was enriched to 5.3% from
1.9%, versus the OVA group (Figure 4A).

The three dominant genera in the lung tissue of the NS
group were Betaproteobacteria (31.97%, belonging to
phylum Proteobacteria), Bacilli (16.79%, belonging to
phylum Firmicutes), and Alphaproteobacteria (14.81%,
belonging to phylum Proteobacteria). In the OVA
group, the proportion of Bacilli decreased from 16.79%
to 3.6%, while Alphaproteobacteria decreased from
14.81% to 5.6% compared to the NS group. This
tendency to decrease was heightened with vancomycin
treatment. In the VAN-OVA group, the proportion of
Bacilli decreased to 1.88%, and Alphaproteobacteria
was 4.42% in the lung microbiome. There are many
bacterial genera that increased with vancomycin
intervention: Betaproteobacteria was enriched to
59.86%, while the proportion was 33.44% in the OVA-
induced asthma group (Figure 4B).
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We created a hierarchical cluster analysis of bacterial
communities at the class level to demonstrate their
different composition more clearly. The result showed
that the relative abundance of the top 35 bacterial
genera in the groups were significantly different. This
also suggested that the microbiota in local sites are
unique under different pathological conditions (Figure
4C, 4D, and Supplementary Figure 1A, 1B).

Perinatal and early-life vancomycin treatment alters
microbiome abundance in the gut and lung of an
OVA-induced asthma model

The vancomycin intervention markedly changed the
composition of the gut microbiome. At the family level,
two defined Firmicutes species, Family XIII and
Defluviitaleaceae, were detected having less abundance in
the VAN-OVA group compared to the OVA group. In
contrast, Alcaligenaceae and Desulfurellaceae, which
belonged to phylum Proteobacteria, were detected at a
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Figure 5. The representatively changed bacteria in the gut and lung followed by vancomycin administration in the OVA-
induced asthma model. (A) Relative abundance of Family_Xlil, Defluviitaleaceae, Alcaligenaceae and Desulfurellaceae. Different symbols
represent the fecal samples from each group. (B, C) Changed species in the lung were classified into 3 groups. The representative bacteria
were listed based on the relative abundance. Data were shown as means + SEM, n = 3. (¥*P< 0.05. **P < 0.01; ***P < 0.001) (OVA.S: stool
sample of the OVA group; VAN.OVA.S: stool sample of the Van-OVA group; OVA.L: lung tissue of the OVA group; VAN.OVA.L: lung tissue of

the Van-OVA group).
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higher abundance in the VAN-OVA group (Figure 5A).
Moreover, there were significant changes in the lung
microbiota at the family level in the VAN-OVA group
versus the OVA group. Among the modified bacteria, the
most obvious were: Micrococcaceae, Halomonadaceae,
Clostridiaceae-1, Elev-16s-1332, Coxiellaceae,
Alicyclobacillaceae, 0319-6M6, Cellulomonadaceae,
Syntrophaceae,  Bacteriovoracaceae,  Rickettsiales,
FEubacteriaceae, and Acidimicrobiales. These bacteria
were in phylum Proteobacteria, Actinobacteria, and
Firmicutes (Figure 5B, 5C). Among the changed
bacteria, Micrococcaceae and Clostridiaceae-1 were
more abundant than others in the airway; they decreased
significantly with vancomycin intervention (Figure 5B).
These local microbiotas were likely the most potentially
correlated with the severity of allergic airway
inflammation.

DISCUSSION

The composition of the microbiome is believed to
critically affect the host: its homeostasis can be
disrupted by a variety of stimuli, including diet,
illness,  hormonal  cycles, and  medication.
Accumulating evidence suggests that changes in the
gut microbiome are important risk factors that induce
abnormal tissue function and diseases, such as
inflammatory bowel disease [18], obesity, insulin
resistance [19, 20], cardiovascular disease [21-23],
allergic diseases, and even the brain’s cognitive
function. Nevertheless, the first few months of life are
a ‘critical window’, during which the infant’s gut
microbiota might impact the immune system [24].
External interventions during perinatal and early life
have been associated with the development of allergic
diseases in adulthood [25].

Antibiotics are used widely in the treatment and
prevention of bacterial infections [26], but their misuse
can disrupt normal flora [27]. Antibiotics are linked to
Clostridium difficile-associated diarrhea [28, 29] and
can increase the risk of obesity and type 1 diabetes in
adulthood [30, 31].

A previous study reported that vancomycin treatment in
breeding pairs, lasting for the duration, caused an
exacerbated allergic response and changes in intestinal
flora in an OVA-induced murine asthma model [17].
This indicated that the use of vancomycin may be
correlated to the pathological progress of asthma.
Compared with, and modified as a function of this
study, we focused on this intervention from the
perinatal period to the early-life stage, and found that it
exacerbated allergic airway inflammation in the
subsequent OVA-induced asthma model. Our results
verify that the early-life microbiome plays a critical role

in the maturity of the host’s immune system, and that
changes in the microbiome will have long-standing
consequences [32]. In addition, we used 16S rDNA
gene sequencing to study the impact of vancomycin
exposure during perinatal and early life on the gut and
lung microbiome. The richness and evenness of the
microbial species in the gut and airway decreased after
vancomycin intervention (Figure 3); the composition of
the microbiome changed with vancomycin treatment.
Alterations in the proportion of dominant microbiota
might be associated with aggravated airway
inflammation due to vancomycin intervention (Figure
4). We found that with the antibacterial effect of the
vancomycin, the relative abundance of Firmicutes
decreased in the gut, but the relative abundance of
Proteobacteria increased, which varied from the
previous report [17]. Thus, our results suggest that
Micrococcaceae and Clostridiaceae-1 correlated most
strongly with the severity of allergic airway
inflammation (Figure 5B).

However, whether changes in the airway microbiome
cause asthma remain unclear. Studies have
demonstrated that infants with  Strepfococcus
pneumonia, Haemophilus influenzae, and M. catarrhalis
in their oropharynx are more likely to suffer from
asthma in adulthood [33]. This study used vancomycin
in perinatal and early life to alter the microbiome before
OVA stimulation. In later allergic airway inflammation,
the data show significant irritation versus OV A-induced
asthma. Therefore, we show that the perinatal and early-
life period were “critical windows” during which the
microbiota could influence the rate and pattern of
maturation in immune function, as well as determine the
severity of asthma in later life.

The gut microbes influenced lung disease through the
gut-lung axis and the common mucosal immune system,;
however, this mechanism still remains unclear. Studies
have shown that the gut microbiota releases some
metabolites such as short-chain fatty acids, that will
alter the local microbiome in the gut and make it less
hospitable for colonization or overgrowth of pathogenic
species [34]. This imbalance of the microbiome
influences the T-regulatory cells, Th17 cells [35, 36],
and other immune-related cytokines leading to immune-
related diseases.

As stated, our results suggest that vancomycin
administered perinatally and in early life alter
components of the gut microbiome and promote the
release of Th2 cytokines. Vancomycin treatment also
altered the lung microbiome that aggravates airway
inflammation via the gut-lung axis or the common
mucosal immune system. However, further studies are
needed to investigate the mechanism between the
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airway microbiome and asthma. In this vein, several
bacteria changed with vancomycin administration,
which could be a new approach to asthma prevention
and treatment.

METHODS
Mice

C57BL/6 mice (wild-type, aged 6 to 8 weeks) were
purchased from the Slac Laboratory Animal Co. Ltd.
(Shanghai, China). Breeders were mating them, and
their offspring were selected for the following
experiments: all mice were maintained in a specific-
pathogen-free facility and given a standard diet with
normal drinking water. The room temperature was
maintained at 23 + 2° C with 50% + 10% humidity and
a 12-h light/12-h dark cycle. The study was conducted
in agreement with the Experimental Animal Welfare
and Ethics Committee of Zhejiang University.

Vancomycin treatment

C57BL/6 pregnant mice were randomly assigned to
normal drinking water, with vancomycin-treatment
groups assigned on day 14 of gestation. Mice in the
vancomycin-treatment group were given vancomycin at
200 mg/L in drinking water from gestational day 14 to
6-weeks old. The offspring of control and vancomycin-
treatment mice were randomly divided into normal
saline (NS, n = 10) and OVA (n = 10) groups,
respectively. Mice in the non-vancomycin-treatment
group had drinking water for the entire experiment.

OVA-induced allergic airway inflammation in the
mouse model

The OVA-induced asthma model was established in
mice at 6-weeks old. Mice in the OVA and VAN-OVA
groups for the asthma model were sensitized on day 0
and 14 by intraperitoneal injection of 80 ug OVA
(Sigma-Aldrich, St Louis, MO, USA) in 0.1 ml and an
equal amount of aluminum hydroxide (Pierce,
Rockford, IL, USA). The NS groups were given NS
instead. On days 24 to 26, mice were challenged with
1.5% OVA for 35 min. Control mice in the NS and
VAN-NS groups were exposed to saline aerosols.
Parameters were analyzed at 24 h after the OVA
challenge.

BALF collection and differential cell count

At 24 h after final OVA challenge, mice were
anesthetized and sacrificed for airway inflammation

analysis. BALF was extracted from the left lungs with
0.4 ml PBS three times for a total volume of 1 ml. Total
BALF cells were counted under a microscope. The
remaining cells were centrifuged, spun onto glass slides,
and stained with Wright-Giemsa staining buffer
according to the manufacturer’s instructions; the
number of differential cells were counted and classified
under a microscope by finding > 200 cells.

Histologic analysis

The left lungs were fixed in formalin for 24 h and then
embedded in paraffin. The sections were stained with
H&E and PAS. The inflammation was evaluated as
described with the H&E staining sections [37]. The
PAS score was assessed according to the former papers
[38, 39]. All slides were examined in a random blinded
fashion by two independent investigators.

RNA isolation and quantitative real-time PCR
analysis

The lung tissue was lysed with Trizol reagent (Takara
Biotechnology, Shiga, Japan). The cDNA was amplified
with  Reverse  Transcription Reagents (Takara
Biotechnology). The expression of IL13 and IL4 was
measured by Q-PCR, using SYBR Green Master Mix
(Takara Biotechnology, DRR041A) with a StepOne real-
time PCR system (Applied Biosystems, Foster City, CA,
USA). Primers used IL13 and IL4 Q-PCR as follows: /I-
13: forward: 5-CAGCCTCCCCGATACCAAAAT-3,
reverse: 5'-GCGAAACAGTTGCTTTGTGTAG-3"; 1l-4:
forward: 5’-CCCCAGCTAGTTGTCATCCTG-3’,
reverse: 5’- CAAGTGATTTTTGTCGCATCCG-3’; S-
actin: forward: 5'-GTCCACCGTGTATGCCTTCT-3',
reverse: 5'-CTCCTGGTGTCCGAACTGAT-3".

DNA purification from feces and lung tissue

The feces and lung tissue were cut in pieces with sterile
scissors, and total DNA was extracted with QIAamp
DNA Mini Kit (Qiagen, Germany) according to
manufacturer’s instructions. The DNA quality and
concentration (purity ratio A260/A280) were measured
with a NanoDrop ND-1000 spectrophotometer, and
stored at -80° C for other experiments.

Bacterial 16S rDNA gene amplification and high-
throughput sequencing

The 16S rDNA genes of the V4 regions were amplified,
using specific primer (F:5’-GTGCCAGCMGCCGC
GGTAA-3’, R:5’-GGACTACHVGGGTWTCTAAT-
3”) with the barcode. All PCR reactions used Phusion®
High-Fidelity PCR Master Mix (New England Biolabs,
Thermo Fisher Scientific, Waltham, MA, USA). We
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mixed the same volume of 1X loading buffer (which
contained SYB green) with PCR products and
performed electrophoresis on 2% agarose gel for
detection. Samples with a bright main strip between
400-450 bp were chosen for further experiments. The
PCR products were mixed in equal density ratios. A
mixture of PCR products was then purified with Qiagen
Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were generated using TruSeq® DNA PCR-
Free Sample Preparation Kit (Illumina, San Diego, CA,
USA) following the manufacturer's recommendations
with index codes added. The library quality was
assessed on the Qubit@ 2.0 Fluorometer (Thermo
Fisher Scientific) and the Agilent Bioanalyzer 2100
system (Athens, GA, USA). Finally, the library was
sequenced on an IlluminaHiSeq2500 platform and 250
bp paired-end reads were generated.

Statistical analyses

The statistical differences among groups were analyzed
with one-way ANOVA, and P values were shown in
related graphs. All data were expressed as the mean +
SEM. The analyses and graphs were performed with
GraphPad Prism 7.0 software (GraphPad Software Inc.,
San Diego, CA, USA). The level of statistical
significance was set at a p-value < 0.05.
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OVA: ovalbumin; BALF: bronchoalveolar lavage fluid;
AHR: airway hyper-responsiveness; H&E: hematoxylin
/eosin; PAS: periodic acid-Schiff; Q-PCR: quantitative
real-time PCR.

AUTHOR CONTRIBUTIONS

Zhimin Chen and Songmin Ying proposed this study
and designed the experiments. Xin Yang, Xueqin Zhan,
Hanrong Feng, Rui Cui and Lijia Zhong performed all
the experiments. Xin Yang and Chao Zhang analyzed
and interpreted the data. Xin Yang, Hanrong Feng and
Chao Zhang completed the manuscript. Songmin Ying
and Zhimin Chen revised this manuscript.

CONFLICTS OF INTEREST
The authors declare no competing financial interests.
FUNDING

This work was supported by the National Natural
Science Foundation of China (No. 81870007 and
No.81870023), Zhejiang Provincial Program for the
Cultivation of High-Level Innovative Health Talents

(2016-63), Zhejiang Provincial Natural Science
Foundation (LD19H160001).

REFERENCES

1. Martinez FD. Genes, environments, development
and asthma: a reappraisal. Eur Respir J. 2007;
29:179-84.
https://doi.org/10.1183/09031936.00087906

2. Noval Rivas M, Crother TR, Arditi M. The microbiome
in asthma. Curr Opin Pediatr. 2016; 28:764-71.
https://doi.org/10.1097/MOP.0000000000000419

3. Ege MJ, Mayer M, Normand AC, Genuneit J, Cookson
WO, Braun-Fahrlander C, Heederik D, Piarroux R, von
Mutius E, Transregio GA, and GABRIELA Transregio
22 Study Group. Exposure to environmental
microorganisms and childhood asthma. N Engl J
Med. 2011; 364:701-09.
https://doi.org/10.1056/NEJM0a1007302

4. James KM, Gebretsadik T, Escobar GJ, Wu P, Carroll
KN, Li SX, Walsh EM, Mitchel EF, Sloan C, Hartert TV.
Risk of childhood asthma following infant
bronchiolitis during the respiratory syncytial virus
season. J Allergy Clin Immunol. 2013; 132:227-29.
https://doi.org/10.1016/j.jaci.2013.01.009

5. Strachan DP. Family size, infection and atopy: the
first decade of the “hygiene hypothesis”. Thorax.
2000 (Suppl 1); 55:52-10.
https://doi.org/10.1136/thorax.55.suppl_1.52

6. Haspeslagh E, Heyndrickx |, Hommad H, Lambrecht
BN. The hygiene hypothesis: immunological
mechanisms of airway tolerance. Curr Opin
Immunol. 2018; 54:102-08.
https://doi.org/10.1016/j.c0i.2018.06.007

7. Backhed F, Ley RE, Sonnenburg JL, Peterson DA,
Gordon JI. Host-bacterial mutualism in the human
intestine. Science. 2005; 307:1915-20.
https://doi.org/10.1126/science.1104816

8.  Flint HJ, Scott KP, Louis P, Duncan SH. The role of the
gut microbiota in nutrition and health. Nat Rev
Gastroenterol Hepatol. 2012; 9:577-89.
https://doi.org/10.1038/nrgastro.2012.156

9. Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ,
Strowig T, Thaiss CA, Kau AL, Eisenbarth SC, Jurczak
MJ, Camporez JP, Shulman GI, Gordon JI, et al.
Inflammasome-mediated dysbiosis regulates
progression of NAFLD and obesity. Nature. 2012;
482:179-85. https://doi.org/10.1038/nature10809

10. lJie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, Zhong H,
Liu Z, Gao Y, Zhao H, Zhang D, Su Z, Fang Z, et al. The

www.aging-us.com 2078

AGING



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

gut microbiome in atherosclerotic cardiovascular
disease. Nat Commun. 2017; 8:845.
https://doi.org/10.1038/s41467-017-00900-1

Fulbright LE, Ellermann M, Arthur JC. The
microbiome and the hallmarks of cancer. PLoS
Pathog. 2017; 13:e1006480.
https://doi.org/10.1371/journal.ppat.1006480

Human Microbiome Project Consortium. Structure,
function and diversity of the healthy human
microbiome. Nature. 2012; 486:207-14.
https://doi.org/10.1038/nature11234

Salazar N, Arboleya S, Valdés L, Stanton C, Ross P,
Ruiz L, Gueimonde M, de Los Reyes-Gavilan CG. The
human intestinal microbiome at extreme ages of life.
Dietary intervention as a way to counteract
alterations. Front Genet. 2014; 5:406.
https://doi.org/10.3389/fgene.2014.00406

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh
J, Knight R, Angenent LT, Ley RE. Succession of
microbial consortia in the developing infant gut
microbiome. Proc Natl Acad Sci USA. 2011 (Suppl 1);
108:4578-85.
https://doi.org/10.1073/pnas.1000081107

Eckburg PB, Bik EM, Bernstein CN, Purdom E,
Dethlefsen L, Sargent M, Gill SR, Nelson KE, Relman
DA. Diversity of the human intestinal microbial flora.
Science. 2005; 308:1635-38.
https://doi.org/10.1126/science.1110591

Ley RE, Peterson DA, Gordon JI. Ecological and
evolutionary forces shaping microbial diversity in the
human intestine. Cell. 2006; 124:837-48.
https://doi.org/10.1016/j.cell.2006.02.017

Russell SL, Gold MJ, Hartmann M, Willing BP,
Thorson L, Wlodarska M, Gill N, Blanchet MR, Mohn
WW, McNagny KM, Finlay BB. Early life antibiotic-
driven changes in microbiota enhance susceptibility
to allergic asthma. EMBO Rep. 2012; 13:440-47.
https://doi.org/10.1038/embor.2012.32

Frank DN, St Amand AL, Feldman RA, Boedeker EC,
Harpaz N, Pace NR. Molecular-phylogenetic
characterization of microbial community imbalances
in human inflammatory bowel diseases. Proc Natl
Acad Sci USA. 2007; 104:13780-85.
https://doi.org/10.1073/pnas.0706625104

Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA,
Donus C, Hardt PD. Microbiota and SCFA in lean and
overweight healthy subjects. Obesity (Silver Spring).
2010; 18:190-95.
https://doi.org/10.1038/0by.2009.167

Jamar G, Santamarina AB, Dias GC, Masquio DC, de
Rosso VV, Pisani LP. Relationship between fatty acids

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

intake and Clostridium coccoides in obese individuals
with metabolic syndrome. Food Res Int. 2018;
113:86-92.
https://doi.org/10.1016/j.foodres.2018.07.002

Koeth RA, Wang Z, Levison BS, Buffa JA, Org E,
Sheehy BT, Britt EB, Fu X, Wu Y, Li L, Smith ID,
DiDonato JA, Chen J, et al. Intestinal microbiota
metabolism of L-carnitine, a nutrient in red meat,
promotes atherosclerosis. Nat Med. 2013; 19:576—
85. https://doi.org/10.1038/nm.3145

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS,
Dugar B, Feldstein AE, Britt EB, Fu X, Chung YM, Wu
Y, Schauer P, Smith ID, et al. Gut flora metabolism of
phosphatidylcholine promotes cardiovascular
disease. Nature. 2011; 472:57-63.
https://doi.org/10.1038/nature09922

Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu
X, Wu Y, Hazen SL. Intestinal microbial metabolism
of phosphatidylcholine and cardiovascular risk. N
Engl J Med. 2013; 368:1575-84.
https://doi.org/10.1056/NEJM0a1109400

Penders J, Stobberingh EE, van den Brandt PA, Thijs
C. The role of the intestinal microbiota in the
development of atopic disorders. Allergy. 2007;
62:1223-36. https://doi.org/10.1111/j.1398-
9995.2007.01462.x

Thorburn AN, McKenzie Cl, Shen S, Stanley D, Macia
L, Mason LJ, Roberts LK, Wong CH, Shim R, Robert R,
Chevalier N, Tan JK, Marifio E, et al. Evidence that
asthma is a developmental origin disease influenced
by maternal diet and bacterial metabolites. Nat
Commun. 2015; 6:7320.
https://doi.org/10.1038/ncomms8320

Evans R. European Centre for Disease Prevention
and Control. Nurs Stand. 2014; 29:30.
https://doi.org/10.7748/ns.29.13.30.s35

Jernberg C, Léfmark S, Edlund C, Jansson JK. Long-
term ecological impacts of antibiotic administration
on the human intestinal microbiota. ISME J. 2007;
1:56—66. https://doi.org/10.1038/isme;j.2007.3

Bartlett JG. Clinical practice. Antibiotic-associated
diarrhea. N Engl J Med. 2002; 346:334-39.
https://doi.org/10.1056/NEJMcp011603

Szajewska H, Mrukowicz JZ. Probiotics in prevention
of antibiotic-associated diarrhea: meta-analysis. J
Pediatr. 2003; 142:85.

Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, Li K,
Gao Z, Mahana D, Raju K, Teitler I, Li H, Alekseyenko
AV, Blaser MJ. Antibiotics in early life alter the
murine colonic microbiome and adiposity. Nature.
2012; 488:621-26.

www.aging-us.com

2079

AGING



31.

32.

33.

34.

35.

https://doi.org/10.1038/nature11400

Livanos AE, Greiner TU, Vangay P, Pathmasiri W,
Stewart D, McRitchie S, Li H, Chung J, Sohn J, Kim S,
Gao Z, Barber C, Kim J, et al. Antibiotic-mediated gut
microbiome perturbation accelerates development
of type 1 diabetes in mice. Nat Microbiol. 2016;
1:16140.
https://doi.org/10.1038/nmicrobiol.2016.140

Gensollen T, lyer SS, Kasper DL, Blumberg RS. How
colonization by microbiota in early life shapes the
immune system. Science. 2016; 352:539-44.
https://doi.org/10.1126/science.aad9378

Bisgaard H, Hermansen MN, Buchvald F, Loland L,
Halkjaer LB, Bgnnelykke K, Brasholt M, Heltberg A,
Vissing NH, Thorsen SV, Stage M, Pipper CB.
Childhood asthma after bacterial colonization of the
airway in neonates. N Engl J Med. 2007; 357:1487—
95. https://doi.org/10.1056/NEJM0a052632

Roediger WE. Role of anaerobic bacteria in the
metabolic welfare of the colonic mucosa in man.
Gut. 1980; 21:793-98.
https://doi.org/10.1136/gut.21.9.793

Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara
T, Momose Y, Cheng G, Yamasaki S, Saito T, Ohba Y,
Taniguchi T, Takeda K, Hori S, et al. Induction of
colonic regulatory T cells by indigenous Clostridium
species. Science. 2011; 331:337-41.
https://doi.org/10.1126/science.1198469

36.

37.

38.

39.

Ivanov I, Atarashi K, Manel N, Brodie EL, Shima T,
Karaoz U, Wei D, Goldfarb KC, Santee CA, Lynch SV,
Tanoue T, Imaoka A, Itoh K, et al. Induction of
intestinal Th17 cells by segmented filamentous
bacteria. Cell. 2009; 139:485-98.
https://doi.org/10.1016/j.cell.2009.09.033

Lee KS, Lee HK, Hayflick JS, Lee YC, Puri KD. Inhibition
of phosphoinositide 3-kinase delta attenuates
allergic airway inflammation and hyperresponsive-
ness in murine asthma model. FASEB J. 2006;
20:455-65.

https://doi.org/10.1096/fj.05-5045com

Tong J, Bandulwala HS, Clay BS, Anders RA, Shilling
RA, Balachandran DD, Chen B, Weinstock JV, Solway
J, Hamann KJ, Sperling Al. Fas-positive T cells
regulate the resolution of airway inflammation in a
murine model of asthma. J Exp Med. 2006;
203:1173-84.
https://doi.org/10.1084/jem.20051680

Mikhak Z, Fukui M, Farsidjani A, Medoff BD, Tager
AM, Luster AD. Contribution of CCR4 and CCR8 to
antigen-specific T(H)2 cell trafficking in allergic
pulmonary inflammation. J Allergy Clin Immunol.
2009; 123:67-73.e3.
https://doi.org/10.1016/j.jaci.2008.09.049

www.aging-us.com

2080

AGING



SUPPLEMENTARY MATERIAL

Bzl

Hirosuschasria

i Fuptorie
Yerrarriprobiae
Gammaprtecbacterie
Alpratoteanagistia
widanifies_Gracibacieria

Hegabvicutos

unidenifisd_Gemmaimonadetes
unidenfied_Cyansbacteria

untnttisa Bacters

widentfied_fctncbacieriz

Halicutes

wnitnifiod Welanabacieria

Phycisphaeres
Ktesonabacieriz

Holphagas

Erpspelctichia
Coriobasioria.

Casvicia
Gpiroshastie
nigenitieg_Aciobacts s
Bactercidia

Chlcrcloria

Delizxcisobactsria

Acidimicrabia
unidenified_Delemrhactstse

Acidobaste i
FLsobacienia.
Treimaeopila

Deiroco

v5 o
- ol \\P“";‘; . ’s\d“"

Jie e

Adibbassaria
Actnopacteria
LR
Chlerefexi
Cyenctacteria
Deferbagterae
Deireaceys-Ther mu
Firmicures
Fieobactoria
Gemmalimoradetss
Cracilicacteria
oleinsbactaria

P anctomycstes
Protsohacterie
Saimmaetes
Tenericue
Thaumarchie oia
unidentied_Baclenia
Ve ucomicrotia

Uethanom erosia
Anaemoineze
Pubrobacterie
Dehaloecsoicia
Becil
Themoplasmata
Gammapoionaciata

Eryeipaiotrions

Nitrcsosphaeris
Detaarieobarieria
Kiecorobasteria
wnidentiied Acidobacieria

Planclomygetecia

unitentied_ Gragilibasteria

unientfied_Gyanotacteria

Carighasteriia

Negalivicutes
Verrucomcropae
Spirechastia
unidentiiad_Astinohasia iz

I:‘ Phylum

Adidabnctaria
Actnckactera
Baclernideies
Chigraflasi
Cyangbastetia
Eurvarchaeota
Frmicutas.
Fusobacioria
Gommatimonadetes
Quecilbacizria
Planciamynaiss
Protoabacteria
Pekubaszria
Sprochastes
Tonericutes
Traumcrohazstn,
Lridznified Bacteria
Varricomicro bia

Supplementary Figure 1. Heatmap showing relative abundance of the top 35 bacterial genera in the gut and lung
microbiome, depicted by color intensity. Relative abundance at the class level of the (A) gut and the (B) lung microbiota (n = 3) (NS.S:
stool sample of the NS group; OVA.S: stool sample of the OVA group; VAN.NS.S: stool sample of the VAN-NS group; VAN.OVA.S: stool sample
of the Van-OVA group; NS.L: lung tissue of the NS group; OVA.L: lung tissue of the OVA group; VAN.NS.L: lung tissue of the VAN-NS group;

VAN.OVA.L: lung tissue of the Van-OVA group).
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