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Abstract

The phenotypes of allergic airway diseases are influenced by the interplay between host genetics and the gut
microbiota, which may be modulated by probiotics. We investigated the probiotic effects on allergic inflammation
in A/J and C57BL/6 mice. C57BL/6 mice had increased gut microbiota diversity compared to A/J mice at baseline.
Acetate producer probiotics differentially modulated and altered the genus abundance of specific bacteria, such as
Akkermansia and Allistipes, in mouse strains. We induced airway inflammation followed by probiotic treatment and
found that only A/J mice exhibited decreased inflammation, and the beneficial effects of probiotics in A/J mice
were partially due to acetate production. To understand the relevance of microbial composition colonization in the
development of allergic diseases, we implanted female C57BL/6 mice with A/J embryos to naturally modulate the
microbial composition of A/J mice, which increased gut microbiota diversity and reduced eosinophilic inflammation
in A/J. These data demonstrate the central importance of microbiota to allergic phenotype severity.

Keywords: Gut microbiota, Probiotic, Experimental allergic disease, Airway

Introduction

Asthma is an airway inflammatory disease that exhibits
quite heterogenous severity and treatment responsive-
ness, which are likely due to the diverse mechanisms
underlying this disease. An established approach to
asthma treatment involves the categorization of patients
into so-called phenotypes, which are defined by observ-
able characteristics that result from a combination of
hereditary and environmental influences [1]. Patients
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may respond differently to the same therapeutic inter-
ventions despite similar clinical symptoms [2, 3].

Several groups used various approaches to identify
genes that may be related to asthma development over
the past two decades. Some researchers used different
inbred strains of mice under the same controlled envi-
ronments to estimate the influence of genetic back-
ground on the allergic airway inflammation phenotype
[4—6]. These researchers observed that some mouse
strains, such as A/] mice, showed greater eosinophilia
after 24h of a challenge with ovalbumin (OVA) than
other mouse strains, such as C57BL/6 mice [7, 8]. Ani-
mal and clinical studies on the relevance of host genetics
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to asthma clearly indicated that gene-environment inter-
actions were involved in the manifestations of this com-
plex disease [9, 10]. An imbalance of the microbial
communities in the gut and lung has been increasingly
associated with the incidence and severity of asthma
[11-14]. More accurate pathobiological mechanisms in
asthmatic patients may be elucidated from further ana-
lyses of the composition and metabolic activity of an in-
dividual’s microbiota [15].

The gut microbiome may play a role in asthma, and
strategies to modulate the microbiota, such as probiotic
supplementation, should be investigated. However, there
is no consensus on whether probiotic supplementation
prevents or alleviates asthma symptoms. Clinical studies
are impacted by heterogeneity, such as the different en-
vironments and dietary habits of participants, which may
interfere with probiotic treatment and lead to different
outcomes. Experimental studies generally use different
probiotic species in different mouse strains and various
protocols to induce allergic inflammation, which compli-
cates relevant comparisons and validations. All of these
factors create difficulty in obtaining reliable conclusions
on the impact of the use of probiotics in asthma.

Approximately 3.9 million adults in the USA use pre-
biotic or probiotic supplements [16], and some studies
reported probiotic-associated morbidity and mortality
[17, 18]. Therefore, additional studies on this topic are
necessary. Many asthma patients likely consume probio-
tics, and probiotics may play a role in disease control.
Therefore, an understanding of probiotic microbiota-
host interactions is truly relevant. We investigated the
role of specific probiotics in the two different hosts, A/J
and C57BL/6 mice, and the relevance of the gut micro-
biota composition in experimental allergic disease.

Understanding the relevance of probiotic-host interac-
tions may call attention to the indiscriminate use of pro-
biotic products by asthmatic consumers and reveal the
possible benefits/risks of these products in asthma
patients.

Materials and methods

Mouse experiments

Male A/] and C57BL/6 mice were obtained from the
animal facility of the Institute of Biomedical Sciences
(University of Sao Paulo, Brazil) but were originally from
Jackson Laboratories. Mice were housed in spe-
cific pathogen-free conditions in the same animal room.
All mice used were age-matched and fed a standard
chow diet of irradiated AIN93-M [19]. Mice in the ex-
periment described in Fig. S1 received a modified
AIN93-M diet containing 15% citrus pectin (Vetec,
Duque de Caxias, R]J, Brazil). Littermates of the same sex
and age were randomly assigned to different
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experimental groups. For the experiment described in
Fig. 4, one female was used.

Study design

All mice were 5 weeks old when probiotic treatment was
started. Acetate measurement and microbiome analysis
were performed 1 day before OVA sensitization. The ef-
fects Bifidobacterium longum 5 were evaluated in an
experimental model for lung inflammation using
C57BL/6 and A/] mouse strains. Lung inflammation was
induced via sensitization with ovalbumin (OVA). To as-
sess whether the effect of the probiotic was due to acet-
ate production, the effect of systemic acetate was also
evaluated in OVA-induced inflammation. The probiotic
or sodium acetate was given to the experimental groups,
and controls only received vehicle. The animals were eu-
thanized, and lung inflammatory parameters were deter-
mined. To investigate whether the results were due to
the genetic background of the mouse strains or their
microbiome, the same protocols for experimental lung
inflammation and probiotic administration were per-
formed in A/] mice born from C57BL/6 females.

Induction of allergic lung inflammation

Mice were sensitized via the intraperitoneal (i.p.) injec-
tion of 30 pg and 50 pg of OVA grade V (Sigma Chem-
ical Co., St. Louis, MO, USA), dissolved in 200 pl of
sterile phosphate buffer saline (PBS) and 1.6 mg of inject
alum (Prod# 77161, Thermo Scientific, Rockford, USA)
on days 0 and 7, respectively. Mice were challenged with
10 pg of OVA in 20yl of intranasal (i.n.) sterile PBS on
day 14 and 20 pug of OVA in 30 ul of intratracheal (it.)
sterile PBS on days 21 and 22. The animals were eutha-
nized 24 h after the last challenge (i.e., day 23) [20]. Con-
trols receiving saline were also tested.

Acetate administration

Mice were treated with sodium acetate (Sigma-Aldrich,
St. Louis, MO, USA) at 1 g per kg body weight diluted in
sterile PBS via intraperitoneal injection startingl5 days
before exposure to OVA and every other day through-
out the experimental period [21]. Controls receiving sa-
line were also tested.

Probiotic administration

Bifidobacterium longum was obtained from the La-
boratory of Biotherapeutic Agents, Department of
Microbiology, Institute of Biological Sciences, Federal
University of Minas Gerais. The bacterium was isolated
in the city of Salvador (Bahia, Brazil) and identified using
morphological, respiratory, and biochemical tests [22],
followed by multiplex PCR [23]. The bacterium was cul-
tivated in MRS broth (Difco) under anaerobic conditions
in an anaerobic jar at 37 °C for 48 h. Aliquots of 100 pl
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Bifidobacterium longum 5 suspension in PBS (1 x
10°CFU/ml) were intragastrically administered using a
gavage needle to mice daily, starting 15 days before the
first sensitization and throughout the experimental
period until the last challenge with OVA (day 22). Heat-
killed Bifidobacterium longum 5" was prepared by heat-
ing aliquots of viable bacteria suspensions for 20 min at
80 °C and administered as described above for live bac-
teria. The control group received only the probiotic ve-
hicle (PBS).

Embryo transfer

Ovulation was induced in A/J female mice via the intra-
peritoneal administration of 51U PMSG between 12:00
and 2:00 p.m. Two days later, 5IU of hCG was injected
intraperitoneally after random mating with A/] male
mice. At 0.5 days post-coitum (d.p.c.), female mice with
a copulatory plug were separated from male mice. At 1.5
d.p.c., female A/] mice were euthanized via cervical dis-
location. The abdominal cavity was opened, and the ovi-
ducts were aseptically collected. Embryos were flushed
from the oviducts using M2 medium (supplemented
with Pen-Strep 100x) and collected in a pool with a
mouth transfer capillary setup under a stereoscopic
microscope (SMZ-10, Nikon). Two-cell embryos with in-
tact zona pellucida were washed 10 times in M2
medium. Recipients consisted of nulliparous C56BL/6 fe-
male mice. Each female was mated with a vasectomized
male mice C57BL/6 near the end of the light cycle
period. Embryo transfers were performed at 0.5 d.p.c. in
recipient females with a copulatory plug. Surgeries were
performed within the SPF facility clean area under a
horizontal laminar flow cabinet. Females were anesthe-
tized with 0.2% acepromazine (2 mg/kg), 10% ketamine
hydrochloride (100 mg/kg), and 2% xylazine hydrochlor-
ide (10 mg/kg) via intraperitoneal injection. A sterile sa-
line solution was used to prevent corneal drying during
the surgery. Each female was placed in sternal recum-
bency on a digital heating plate at 37 °C. The peritoneal
cavity was accessed via a musculature incision over the
ovary fat pad. Under stereoscopic microscopy (SMZ 2-B,
Nikon), a small incision was made in the bursa between
the ovary and the oviduct to expose the infundibulum.
Each female received 20 embryos equally that were di-
vided between the oviducts using a glass micropipette.
Pups were born in 3 weeks and weaned after 21 days.

Bronchoalveolar lavage fluid (BALF)

The trachea was cannulated after euthanasia. The lungs
were washed twice with 0.8-ml aliquots of PBS injected
through the cannula. The total number of cells in BALF
was counted using a Countess® Automated Cell Counter
(Invitrogen). The BALF was centrifuged at 290g for 1
min at 4°C, and the supernatant was collected and
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stored at — 80 °C for cytokine analysis. The cells were re-
suspended at 5.0 x 10° cells/ml. Differential cell counts
were performed using cytocentrifuge analysis and pre-
pared from aliquots of BALF (200 pl) centrifuged at 45¢
for 1min using a cytocentrifuge (Fanem, Sdo Paulo,
Brazil). Cells were stained with Instant Prov (Newprov,
Sao Paulo, Brazil), and a total of 300 cells were counted
to determine the proportion of neutrophils, eosinophils,
and mononuclear cells using standard morphological
criteria.

Histological analyses

Histopathological analysis was performed on samples
from the lungs of the OVA/saline, OVA/probiotic, and
OVA/acetate mouse groups. To assess the pathological
changes, the lungs were removed from mice after BALF
collection and fixed via immersion in 4% paraformalde-
hyde. The lobes were sectioned sagittally, embedded in
paraffin, cut into 5-pm sections, and stained with peri-
odic acid-Schiff (PAS). Mucus production and lung in-
flammation were measured as previously described [24].
Goblet cell hyperplasia in the airway epithelium was
evaluated using the following scoring system; a numer-
ical score was determined for the abundance of PAS-
stained cells in the tracheal section as follows: 0, < 5%; 1,
5-25%; 2, 25-50%, 3, 50-75%; and 4, > 75%. Two differ-
ent people blindly analyzed the sections.

Measurement of cytokine production

BALF samples from animals were collected and centri-
fuged at 1200rpm for 5min. The supernatants were
stored at — 80 °C for cytokine analysis. Cytokine concen-
trations were assayed using interleukin (IL)-4 and inter-
feron gamma (IFN-y) ELISA kits (BD Biosciences)
according to the manufacturer’s instructions. All deter-
minations were performed in duplicate.

Determination of OVA-specific IgE, IgG1, and 1gG2a
production

Plates were coated with 5 pg/ml of OVA solution in car-
bonate buffer (pH9.5) at 4°C overnight. Plates were
washed with a wash buffer (PBS containing 0.05% of
Tween-20) and blocked in assay buffer (PBS containing
10% heat-inactivated fetal bovine serum) for 1 h at room
temperature (RT). Mouse serum samples were diluted in
assay diluent in 1:1000 (v/v) and added to the plates
followed by a 2-h incubation at RT. The plates were
washed, and peroxidase-conjugated secondary antibodies
were added for 1h at RT: anti-IgG1-HRP (GeneTex,
USA) diluted 1:20,000 (v/v) in assay diluent or anti-
IgG2a-HRP (GeneTex, USA) diluted 1:5000 (v/v). The
plates were washed, and TMB Substrate Reagent Set
(BD Biosciences) was added and incubated for 30 min at
RT in the dark. The reaction was stopped with the
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addition of 2N sulfuric acid. Absorbance was acquired
at 450 nm. The values were calculated after subtracting
the absorbance of a well with no serum added (incu-
bated only with assay diluent). The results are presented
in optical density (O.D.) units, and the ratio was calcu-
lated by dividing the respective values, as modified from
[25]. OVA-specific IgE concentrations were assayed
using an ELISA kit (Cayman Chemical).

EPO assay

The eosinophil peroxidase (EPO) assay was used to esti-
mate eosinophil numbers in lung tissue [26, 27]. After
flushing the pulmonary artery with 20 ml of PBS, the left
lung was weighed, chopped, and homogenized in PBS
(5% [wt/vol]) using a tissue homogenizer (PowerGen
125; Fisher Scientific, Pittsburgh, PA, USA). The hom-
ogenate was centrifuged (3000xg for 10 min), and the
red blood cells in the pellet were lysed. Cells were resus-
pended in PBS (pH7.4) containing 0.5% hexadecyltri-
methylammonium bromide (Sigma-Aldrich). The cell
solution was homogenized, and the homogenates were
subjected to three rounds of freeze/thaw in liquid nitro-
gen. Homogenates were stored at — 20 °C until assayed.
Samples of lung tissue were centrifuged, and the super-
natant was diluted 1:3 in PBS/HTAB. The assay was per-
formed in 96-well plates (Nalge Nunc International Co.,
Naperville, IL). Each sample was tested in triplicate with
the addition of 75 pl of the sample/well, 75 pul of SIGM
AFAST™ OPD substrate (Sigma-Aldrich), and 6.6 mM
hydrogen peroxide in 75 mM Tris-HCI, pH 8.0/well. The
reaction was performed at 20°C for 30 min and was
stopped with a 4-M sulfuric acid solution. Plates were
read at 492 nm on a microplate reader (Titertek Multis-
kan), and the results are given in absorbance units.

Lung function analysis

All animals were anesthetized with ketamine (100 mg/
kg, i.p.) and xylazine (20 mg/kg) and paralyzed with pan-
curonium bromide, and a stable depth of anesthesia was
maintained [28]. After tracheostomy, the trachea was
cannulated using a blunt 18-gauge metal tube, and the
mouse was ventilated using a computer-controlled
small-animal ventilator (flexiVent; SCIREQ, Montreal,
QC, Canada) and a tidal volume of 10 ml/kg and a re-
spiratory frequency of 150 breaths/min. A positive end-
expiratory pressure (PEEP) of 2cm H,O was applied
throughout. An external jugular vein was isolated for an
intravenous (i.v.) infusion of methacholine (MCh). At
the outset, 6 pg of MCh was provided intravenously to
ensure that the animal was responsive to MCh and that
airway resistance returned to the baseline value after the
MCh-induced increase, which indicated that the mouse
was in a stable physiological condition. To obtain a
dose-response curve, a bolus of MCh was injected
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starting at a dose of 4 pg (200 pg/ml solution in PBS; i.v.
boluses of 10—40 pl). Prior to each MCh dose, the expira-
tory path was obstructed for 15 s to produce a deep infla-
tion, after which exhalation was immediately allowed.
Ventilation was continued for approximately 2 min be-
tween consecutive MCh doses. Airway responsiveness was
equal to the Newtonian resistance (Rn) [28].

Flow cytometry

Mouse Treg cells were collected from the BALF and an-
alyzed for CD4+ CD25+ Foxp3+ expression using a
mouse Treg cell staining kit containing APC-labeled
anti-CD4, PE-labeled anti-CD25, and FITC-labeled anti-
Foxp3 (eBioscience) according to the manufacturer’s in-
structions. Briefly, prepared cells (1 x 10°) were washed
via centrifugation with cold PBS, resuspended in 1 ml of
fixation/permeabilization solution, and incubated in the
dark at 4°C for 30—60 min. The cells were washed once
with 2 ml of permeabilization buffer, collected via centri-
fugation, resuspended in 20 ml of blocking agent with 2
ml of 2% normal rat serum in permeabilization buffer,
and incubated at 4°C for 15min. A fluorochrome-
conjugated antibody or isotype control in 20-ml
permeabilization buffer was added, followed by incuba-
tion in the dark at 4°C for 30 min. The cells were
washed with 2ml of permeabilization buffer, resus-
pended in flow cytometry buffer (PBS with 2% FBS), and
analyzed using a FACSCanto II cytometer (BD Bio-
science, San Diego, CA, United States). The data were
analyzed using the Flow]Jo® software.

SCFAs measurement

To measure short-chain fatty acids (SCFAs) in the
serum, 20 mg of sodium chloride, 10 mg of citric acid,
20 pul of 1M hydrochloric acid, and 100 pl of butanol
were added to 100 pl of serum samples. To quantify
SCFAs, a calibration curve for the concentration range
of 0.015-1 mg/ml was constructed. SCFA measurements
were performed following a recently published protocol
[29]. Chromatographic analyses were performed using
an Agilent 6850 system with the ExChrom software,
equipped with a 7683B automatic liquid sampler, a flame
ionization detector (FID) (Agilent Technologies, USA),
and a fused-silica capillary RTX WAX (Restec Corpor-
ation, USA) with dimensions of 60 mm x 0.25 mm in-
ternal diameter (i.d.) coated with a 0.15-pm-thick layer
of polyethylene glycol. The initial oven temperature was
100 °C (hold 2 min), which was increased to 200 °C at a
rate of 15°C/min (hold 5min). The FID temperature
was maintained at 260 °C, and the flow rates of H,, air,
and the make-up gas N, were 35, 350, and 25 ml/min,
respectively. Sample volumes of 1ul were injected at
260 °C using a split ratio of approximately 25:1. Nitrogen
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was used as the carrier gas at 25 ml/min. The runtime
for each analysis was 12.95 min.

Microbial community profiling

Fecal samples were collected 1 day before the induction
of experimental lung inflammation. Fecal pellets were
collected in a laminar flow hood and frozen in 2-ml
tubes at —80°C until DNA extraction. Pellets were
placed in MoBio PowerSoil bead tubes and incubated at
70°C for 10 min before proceeding with the manufac-
turer’s recommended protocol. The V4-V5 region of
the 16S rRNA gene was amplified using the forward 5'-
AYTGGGYDTAAAGNG-3" and reverse primer 5'-
CCGTCAATTCNTTTRAGTTT-3". Three 20-pl ampli-
fication reactions were performed per sample, each con-
taining 2.5 pM of each primer, 10 pul of Kapa Hotstart
High Fidelity Master Mix (Kapa Technologies), and 25
ng of genomic DNA (gDNA). Thermocycling conditions
were 95°C for 3 min, 98°C for 15s, and 40°C for 30 s for
35 cycles. This cycle was followed by a last extension
step at 72°C for 5 min. Equimolar amounts of barcoded
amplicons from each sample were pooled and sequenced
on the Ion Torrent PGM platform using the Ion PGM
Sequencing 400 Kit (Thermo Scientific). We used the
split_libraries.py script available in Qiime [30] and re-
moved the sequences with an average quality score < 20
using a 50-nt sliding window and identified the barcodes
used for each fecal sample allowing a maximum of two
mismatches. Sequences with no barcodes and < 200 nt
or > 500 nt after barcode removal were discarded. PCR
primers identified at the start or end of the reads, allow-
ing a maximum of 4 nt mismatches, were trimmed, and
sequences with no identifiable primers were discarded.
After primer trimming, we removed all sequences <200
nt, and the remaining sequences were used as input for
downstream analysis. Filtered sequences were clustered
with 97% identity using UPARSE [31]. The seed se-
quence of each cluster was selected as a representative.
Taxonomy was assigned by the RDP classifier [32] using
a minimum confidence value of 80%. Due to unequal se-
quence sampling depths across samples, samples were
normalized using rarefaction. Pairwise UniFrac [33] and
Faith’s phylogenetic diversity [34], two metrics that com-
pare the relative relatedness of microbial communities
considering taxonomic proximity, were calculated by
aligning operational taxonomic unit (OTU)-representa-
tive sequences using PyNAST [30] against the aligned
greengenes core set [35] using Qiime [30] default param-
eters. The alignments were lane-mask filtered to con-
struct a phylogenetic tree using FastTree [36].

Statistical analysis
Descriptive statistics were performed using GraphPad
Prism 7 (GraphPad Software, USA). The data are
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presented as the means + SEM (standard error of the
mean). Student’s t-test and ANOVA followed by Tukey’s
multiple comparisons post hoc test were used for com-
parisons of 2 and 3 or more groups, respectively. A value
of p < 0.05 was considered significant. For microbiota
statistical analysis, we used ANCOM-BC (v.1.0.1) [37]
with the default parameters and a library size cutoff of
1000 reads and no structural zero detection. We
assessed interactions between variables using the R
limma [38] package and associations in microbial com-
munity structure with the analysis of similarities (ANO-
SIM) function available in the vegan R package.

Results

Preventive effects of oral Bifidobacterium longum 5'#
supplementation on OVA-induced allergic airway
inflammation in A/J mice

In a previous work, we showed that B. longum 5'* is an
important acetate producer which confers anti-
inflammatory effects on the host. Low levels of SCFAs,
especially acetate, have been associated with allergic dis-
ease [21]. We measured three SCFAs, acetate, propion-
ate, and butyrate, in the Bifidobacterium longum 5
culture medium [39]. Our analysis indicated that acetate
was the only SCFA that could be quantified in the bac-
terial medium, with no measurable levels of propionate
or butyrate [39]. Thus, mice were treated with probiotic
and post-biotic (acetate) to investigate the mechanisms
by which the probiotic was acting in the host.

Allergic airway inflammation was induced via OVA
sensitization in A/J mice. Experimental groups included
animals that received a Bifidobacterium probiotic (Prob)
or sodium acetate throughout the experimental period,
and controls received saline (Fig. 1A). Airway hyperreac-
tivity (AHR) is a hallmark of asthma. Therefore, we
quantified the respiratory burst of Newtonian resistance
(Rn) in response to intravenous MCh 24 h after the last
re-exposure to the OVA challenge. Compared to the
control condition, OVA-induced lung inflammation in-
creased AHR (Fig. 1B). A/] mice received Bifidobacter-
ium longum 5% (OVA/Prob) or saline solution (OVA/
Saline) via gavage beginning 15 days before the induction
of OVA-mediated inflammation until the end of the
protocol (Fig. 1A). Compared to the mice that received a
saline solution, mice that received Bifidobaterium
longum 5" showed decreased AHR (Fig. 1B). We mea-
sured the levels of acetate in serum using gas chroma-
tography.  Probiotic-supplemented  mice  showed
increased acetate levels in the serum compared to non-
treated mice (Fig. 1C).

We also observed increased leukocyte infiltration in
BALF in the OVA group, which had a predominance of
eosinophilia (Fig. 1D) and mucus overproduction (Fig.
1I). Mice that received the probiotic exhibited reduced
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(See figure on previous page.)

Fig. 1 Oral acetate-producing bacteria prevent airway inflammation in A/J mice. a Schematic representation of the OVA-inducing airway
inflammation protocol and Bifidobacterium longum 5" (BL5', Prob) or acetate administration in A/J mice. b Measurement of airway
hyperresponsiveness (AHR) as assessed by Newtonian airway resistance (Rn) to increasing doses of methacholine in the OVA/saline, OVA/Prob,
naive/saline, and naive/Prob groups (n = 4-7). ¢ Levels (mmol/l) of acetate in the serum of the saline and Prob-naive groups (n = 4-8). *Acetate
measurement 24 h before sensitization. d Total and differential (Eos, eosinophils; Neut, neutrophils; Mono, mononuclear) number of cells in the
bronchoalveolar lavage (BALF) of the OVA/saline and OVA/Prob groups (n = 4-5 mice per group). e Levels (pg/ml) of eosinophilic peroxidase
(EPO) in lung tissue of the OVA/saline, OVA/Prob, and OVA/Prob-inactivated (inact) groups (n = 4-9). f Levels (pg/ml) of interleukin (IL)-4 and
interferon (INF)-y in the BALF of the OVA/saline and OVA/Prob groups (n = 4-6 mice per group). g Total amount of OVA-specific IgE, IgG1, and
IgG2a in the serum of the OVA/saline and OVA/Prob groups (n = 5). h Percentage of positive Treg cells (CD4*/CD25"/FoxP3") in the BALF of the
OVA/saline and OVA/Prob groups (n = 4-6). i Total and differential (Eos, eosinophils; Neut, neutrophils; Mono, mononuclear) number of cells in
the BALF of the OVA/saline and OVA/acetate groups (n = 4-6). j Levels (pg/ml) of interleukin (IL)-4 and (INF)-y in the BALF of the OVA/saline and
OVA/acetate groups (n = 4-6). k PAS-stained formalin-fixed histological sections of the lungs of the OVA/saline and OVA/Prob groups; scale bar
represents 50 um (x200 magnification, one representative of at least five), relative score and proportion of PAS-positive bronchi. | PAS-stained
formalin-fixed histological sections of the lungs of the OVA/saline and OVA/acetate groups; scale bar represents 50 um (x200 magnification, one
representative of at least five), relative score and proportion of PAS-positive bronchi. The results are shown as mean + SEM. Statistical significance

detected). Data represent two independent experiments

was determined using Student's t-test and ANOVA (with Tukey post-test) where appropriate (*p < 0.05, **p < 0.01, ***p < 0.001. ND, not

cellular infiltration in the airways (Fig. 1D), primarily due
to decreased eosinophil infiltration and increased mono-
nuclear cells (Fig. 1D). To investigate the mechanism of
probiotic modulation of lung inflammation, we inactivated
the probiotic bacteria and examined whether the benefi-
cial effect was viability-dependent. Oral administration of
inactivated Bifidobacterium longum 5 did not reduce
eosinophil infiltration (0.36 + 0.1995) compared to the
mice that received saline (0.41 + 0.0798), and the levels of
eosinophil peroxidase (EPO), which is a useful marker of
lung eosinophilic activation (Fig. 1E). These results sug-
gest that the bacteria must be alive to induce the effects.
IL-4 cytokine levels were reduced in the BALF of mice
supplemented with probiotics compared to the mice that
received saline (Fig. 1F). IFN-y was not detected in the
OVA/saline group, but probiotic treatment induced the
production of this cytokine (Fig. 1F).

OVA-induced IgE serum levels were reduced (Fig.
1G), and IgG2a serum levels were increased in the
OVA/Prob group compared to the OVA/saline group
(Fig. 1G). Because of the increase in mononuclear cells,
we investigated the number of regulatory T (Treg) cells.
Treg cells were more abundant in the lungs of mice in
the OVA/saline group than the mice supplemented with
the probiotic (Fig. 1H). Mucus production by goblet cells
was also reduced in the animals that received the pro-
biotic (Fig. 1K), with reduced mucus score and propor-
tion of PAS-positive stained bronchi (Fig. 1K).

Bifidobacterium longum 5™ produces acetate [29], and
its beneficial effect was viability-dependent. Decreased
acetate levels were observed in the serum of A/] mice.
Therefore, we investigated whether the systemic admin-
istration of sodium acetate reduced lung inflammation.
We injected sodium acetate (1g/kg) intraperitoneally
every other day in A/J] mice, which reduced the influx of
total cells and eosinophils (Fig. 1I) in the BALF of the
experimental allergic mice. IL-4 cytokine levels were

reduced in the BALF of mice supplemented with acetate
compared to mice that received saline (Fig. 1J). IFN-y
was attenuated in the OVA/Acetate group compared to
the OVA/saline group (Fig. 1J). OVA-induced IgE serum
levels did not change with acetate supplementation (Fig.
1J). The mucus score and proportion of PAS-positive-
stained bronchi were also reduced in the animals that re-
ceived acetate (Fig. 1L).

In summary, our data showed that preventive supple-
mentation with the acetate producer probiotic B. longum
5'4 clearly attenuated allergic airway inflammation and
hyperresponsiveness in A/] mice.

Oral Bifidobacterium longum 5'* supplementation did not
prevent OVA-induced allergic airway inflammation in
C57BL/6 mice

We administered the same treatment and induced allergic
lung inflammation with OVA in C57BL/6 mice as de-
scribed in the “Materials and methods” section (Fig. 2A).
Experimental allergic C57BL/6 mice treated with Bifido-
bacterium longum 5% (OVA/Prob) did not exhibit re-
duced AHR compared with C57BL/6 mice in the OVA/
saline group (Fig. 2B). Probiotic-supplemented C57BL/6
mice showed a decreased acetate levels in serum com-
pared to non-treated mice (Fig. 2C). Although the pro-
biotic treatment did not change the total cell infiltration
(Fig. 2D), the inflammation was characterized by an in-
crease in eosinophils and a decrease in neutrophils (Fig.
2D). Probiotic treatment did not change IL-4 and IFN-y
cytokines levels in BALF (Fig. 2E). Probiotic treatment did
not affect IgE-OVA antibody (Fig. 2F) or mucus secretion
(Fig. 2I). Because probiotic supplementation did not im-
prove eosinophilic lung inflammation in the C57BL/6
mice, we performed a complementary experiment in
which the C57BL/6 mice were fed a high-fiber diet to in-
vestigate the effects of this diet on allergic inflammation
(Fig. S1). Dietary fiber is associated with beneficial effects
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on inflammatory bowel diseases and diseases outside the
intestine and may be more effective in the regulation of
the immune system [40-42]. We used citrus pectin as a
soluble dietary fiber that is fermented by certain species of
gut bacteria, which leads to acetate production. C57BL/6
mice were given a standard diet (control diet) or a diet
with a high fiber content (high-fiber diet) (Fig. S1). We ex-
posed mice to the diet for 15 days before inducing inflam-
mation with OVA throughout the duration and at the end
of the protocol. The fiber diet did not reduce AHR (Fig.
S1B), inflammatory lung parameters (Fig. S1C), IL-4 and
IEN-y cytokines (Fig. S1D), IgE-OVA antibodies (Fig.
S1E), or mucus secretion (Fig. S1F).

Although probiotic supplementation did not reduce al-
lergic airway inflammation in C57BL/6 mice, we investi-
gated whether the administration of sodium acetate
modulated inflammation in this strain. Sodium acetate
did not improve the total cell infiltrate in C57BL/6 mice
(Fig. 1G) and did not change IL-4 and IFN-y cytokine
levels (Fig. 2H), IgE-OVA antibodies (Fig. 2H), or mucus
secretion (Fig. 2J) compared to OVA/saline treatment.
In summary, our data showed that the preventive sup-
plementation of the acetate producer probiotic B.
longum 5'* did not prevent allergic airway inflammation
in C57BL/6 mice, which was observed in A/J] mice.

Strain-specific effects of probiotic administration on the
gut microbiota

We performed fecal bacterial community profiling to in-
vestigate the influence of probiotic supplementation on
gut bacterial communities of A/] and C57BL/6 mice
(Fig. 3). We found a greater phylogenetic diversity in
C57BL/6 mice compared to A/] (p = 0.016, Wilcoxon
rank-sum test), and C57BL/6 probiotic-administered
mice had a significant decrease in diversity (p = 0.008,
Wilcoxon rank-sum test) (Fig. 3A). Community struc-
ture differed significantly between A/J and C57BL/6 con-
trol mice (R* = 046, p = 0.001, ADONIS). Probiotic
administration was significantly associated with differ-
ences in microbial communities (R* = 0.16, p = 0.001,
ADONIS) and showed a combined effect with mouse
strain on the overall community structure (interaction
strain-probiotic R* = 0.13, p = 0.002) (Fig. 3B). Probiotic
administration led to an increased abundance of Lach-
nospiraceae and Akkermansia in both strains. The bac-
terial genus Akkermansia was not detected in either
naive mouse strains, but it increased after probiotic ad-
ministration, with a greater effect size in A/J mice (6.5 in
A/J vs. 0.97 in C57BL/6, Cohen’s D), and showed a com-
bined effect between mouse strain and probiotic admin-
istration (interaction strain-probiotic adjusted p-value <
0.001). C57BL/6 probiotic administered mice exhibited a
significant increase in a number of genera, including
Coporoccus, Ruminococcus, Allobaculum, and
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Bifidobacterium, and a decrease in Lactobacillus, Sutter-
ela, and rc4-4. Probiotic-administered A/] mice had an
increased abundance of Clostridium, Eubacterium, Muri-
baculaceae, and Oscillospira (Fig. 3C). Overall, these re-
sults indicate strain-specific changes in the gut
microbiota after probiotic administration.

A/J embryo implantation in C57BL/6 mothers led to a
similar gut microbiota profile and allergic airway
inflammation to C57BL/6 offspring

To better understand the relevance of microbial com-
position colonization to the development of allergic dis-
eases, we implanted a female C57BL/6 mouse with A/]
embryos to naturally modulate the microbial compos-
ition of A/] mice, and the fecal gut microbiome of the
offspring was profiled 6 weeks after birth (Fig. 4A). A/J-
transplanted mice exhibited increased phylogenetic di-
versity compared to A/] mice, but this diversity was
lower than the C57BL/6 mice (Fig. 4B). We found that
the gut microbial communities of A/J-transplanted mice
were more similar to C57BL/6 mice than their genetic-
ally similar counterparts (p = 0.002, Wilcoxon rank-sum
test) (Fig. 4C).

We assessed whether allergic lung inflammation dif-
fered due to the differences in the environment by indu-
cing allergic lung inflammation with OVA in the
transplanted A/] mice and A/J] and C57BL/6 mice (Fig.
4A). Compared to non-transplanted A/] mice, trans-
planted A/] mice exhibited reduced cellular infiltration
in the airways (Fig. 4D), primarily due to decreased eo-
sinophilic infiltration and mononuclear cells, similar to
C57BL/6 mice. Similar levels of IL-4 and IFN-y cyto-
kines were observed in the BALF of C57BL/6 mice and
transplanted A/] mice, and these cytokines were in-
creased in A/] mice compared to transplanted A/J mice
and C57BL/6 mice (Fig. 4E). These observations suggest
that the environment significantly influenced the gut
microbiota, which may lead to the differences in the al-
lergic airway inflammation phenotype.

Discussion

Genetic predisposition to complex diseases partially
manifests as an inclination to aberrant patterns of mi-
crobial colonization, which contributes to disease pro-
cesses [43]. Allergic inflammation is related to gut
microbiota dysbiosis. The gut microbiota is relevant to
allergic airway inflammation, and different strategies
were used to modulate this microbiota, including dietary
supplementation with probiotics [44]. However, few
studies demonstrated that the probiotic effects on aller-
gic disease may be related to host genetics and the
microbiota composition. Our group recently showed
that preventive oral Bifidobacterium adolescentis ATCC
15703 treatment attenuated the major characteristics of
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allergic asthma and eosinophilic airway influx in BALB/c
mice, but not in C57BL/6 mice, but the gut microbiota
was not evaluated in that study [20]. Bifidobacterium is a
potential protective agent against allergic disease, and
we selected a Bifidobacterium probiotic for investigation
[45]. Bifidobacterium longum 5'*, which was isolated
from the stool of a healthy child, exerted probiotic

effects on the host [22, 39, 46—49]. Notably, sequencing
of the Bifidobacterium longum 5'* genome revealed two
unique genes, LI51A 1408 and LI51A 1405, which cor-
respond to a carbohydrate kinase that participates in the
phosphoketolase pathway that is unique to Bifidobacter-
ium and may be involved in acetate production (unpub-
lished data). We observed that the administration of the
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same probiotic, Bifidobacterium longum 5, to two
mouse strains induced different changes in the micro-
biota composition and acetate levels in the serum and
had adverse effects on lung inflammation. Bifidobacter-
ium longum 5" administration in A/] mice decreased
airway eosinophilic infiltration and reduced bronchial re-
sponsiveness and OVA-specific IgE production. These
effects were dependent on live bacteria because airway
inflammation was not changed when the bacteria were
inactivated. Notably, supplementation with Bifidobacter-
ium longum 5" in C57BL/6 mice did not prevent exac-
erbated eosinophilic airway inflammation. The
prevention of eosinophilic inflammation in A/J] mice by
probiotics was associated with increased levels of acetate
in the plasma. We demonstrated that Bifidobacterium
longum 5'* was a producer of acetate [39], and its bene-
ficial probiotic effect in A/] mice was at least partially
due to acetate production, because inactivated bacteria
did not affect airway inflammation. Acetate is an SCFA
known that acts via two main mechanisms: signaling via

G-protein-coupled receptors (GPCRs), such as GPR43,
GPR41, and GPR109A, and inhibition of histone deace-
tylases (HDACs), which affects gene transcription [42].
Both of these mechanisms inhibit nuclear factor kappa B
(NF-xB) activity, which leads to anti-inflammatory ef-
fects, including decreased neutrophil migration, de-
creased proinflammatory cytokine production, and
increased Treg cells [50]. We found that probiotic treat-
ment of allergic A/] mice did not increase Treg cell
levels, which may be because airway eosinophilia was
already resolving 24 h after the challenge.

We injected acetate intraperitoneally in A/] and
C57BL/6 mice to examine the systemic acetate effect.
The intraperitoneal administration of acetate in A/] mice
decreased allergic airway inflammation but did not im-
pact C57BL/6 mice. The effect of acetate in drinking
water on airway inflammation was demonstrated in
C57BL/6 mice [12, 42], but the effect of acetate i.p. ad-
ministration on allergic airway inflammation is poorly

described.



Casaro et al. Microbiome (2021) 9:134

The different outcomes of probiotic administration in
this paper may be explained by the differences in naive
gut microbiota between mouse strains. A/] mice showed
a different microbiota than C57BL/6 mice, especially in
diversity. Mice with a resistant microbiota have a more
robust microbial structure and exhibit less susceptibility
to changes induced by probiotics than permissive micro-
biota [51]. The composition of the gut microbiota in
C57BL/6 mice had greater diversity than A/] mice.
Therefore, probiotic administration modulates micro-
biota diversity differently in various mouse strains. Not-
ably, probiotic treatment reduced diversity in C57BL/6
mice but not in AJ mice, and the reduced diversity in
C57BL/6 mice was associated with decreased levels of
acetate in the serum. A/] mice also had more pro-
nounced Th2 inflammation than C57BL/6 mice. Con-
sistent with these findings, previous studies reported an
association between lower microbiota diversity during
the first month of life and asthma development at 7
years of age [52—54]. High levels of four genera, Lach-
nospira, Veillonella, Faecalibacterium, and Rothia, in the
stool at 3 months of age were associated with the devel-
opment of early asthma or allergy symptoms [55]. Pro-
biotic treatment increased some bacteria in different
manners in A/] mice and C57BL/6 mice in the present
study. Akkermansia was increased in A/] mice, and
C57BL/6 mice exhibited increased Alistipes and de-
creased Lactobacillus after probiotic treatment. Akker-
mansia-like spp. belong to the Verrucomicrobia family
and are present in approximately 3% of healthy individ-
uals. This family strengthened the gut barrier function in
mice [56]. One study showed that feeding mice a fiber-
free diet caused damage to the mucus barrier because
Akkermansia muciniphila and other bacteria switched
their metabolism from fiber degradation to mucus gly-
can degradation. Notably, A. muciniphila also produced
acetate and propionate [57, 58]. A. muciniphila was de-
creased in patients with ulcerative colitis and Crohn’s
disease [59] and exerted anti-inflammatory effects via its
metabolites, which control genes that regulate bowel
function, especially in host intestinal epithelial cells. The
abundance of A. muciniphila was also inversely associ-
ated with body fat mass and glucose intolerance in mice
[60]. Reduced A. muciniphila and Faecalibacterium
prausnitzii levels in the gut microbiota were associated
with allergic asthma in children [61]. Higher levels of
Alistipes were found in C57BL/6 mice after probiotic
treatment. Published findings on the associations be-
tween Alistipes and inflammation and allergic disease
are rare. However, a previous study showed that genetic
iTreg cell-deficient mice (background C57BL/6) spon-
taneously developed Th2-type pathologies in the local
mucosa, such as the gastrointestinal tract and lungs.
This deficiency of iTreg cells in the lungs induced
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characteristics of allergic inflammation and asthma. The
gut microbiota of the iTreg-deficient mice was also al-
tered, with an increase in the phylum TM7 and the
genus Alistipes and a decrease in the ratio of Firmicutes
to Bacteroidetes [62]. High levels of Alistipes were also
present in tumor-bearing mice [63] and colorectal car-
cinogenesis [64]. Another finding of our study was that
C57BL/6 mice had more Lactobacillus in the gut than A/]
mice, but probiotic treatment decreased the levels of these
bacteria. Lactobacillus increases Treg cells, which is im-
portant for allergic resolution [21, 65]. Lactobacillus sup-
plementation  temporarily —modified delayed gut
microbiota development in high-risk asthmatic infants
[66].

To naturally change the gut microbiota composition
and diversity in A/] mice, we implanted a female
C57BL/6 mouse with A/] embryos. We observed that
genetic background was not sufficient to determine the
intensity of allergic airway inflammation in inbred
mouse strains because transplanted A/] mice developed
allergic airway inflammation similar to C57BL/6 mice
and not like non-transplanted A/] mice. Transplanted
A/] mice exhibited a gut microbiota composition and di-
versity that was similar to C57BL/6 mice, a gestational
surrogate strain. We used the embryo transfer method
to transfer microbiota because the pups generated are
exposed to the maternal microbiota during gestation and
immediately at birth and acquire microbial communities
via natural means. C57BL/6 to C57BL/6 implantation
was not performed because previous studies showed that
shifts in the microbiota and immune parameters oc-
curred in offspring that were embryo-transferred to sur-
rogate dams of a different genotype but not the same
genotype [67, 68]. Taken together, these results suggest
that the gut microbiota composition, especially gut
microbiota diversity in early life, has a relevant effect on
experimental allergic airway inflammation in inbred
mouse strains and overcomes genetic factors related to
allergic inflammation. The embryo transfer experiment
showed that early life events were important in micro-
biota formation. Many studies indicated that early life
events, such as delivery and breastfeeding, played a fun-
damental role in microbiota formation and influenced
health and disease [43, 69]. The fetal gut was long as-
sumed to be sterile, with colonization occurring only at
delivery [13]. Although controversial, the idea that
microbiota colonization starts in utero was recently de-
scribed with the apparent identification of low-
abundance bacteria in fetal membranes, amniotic fluid,
and placental tissue [70-73]. The postpartum period, in-
cluding breastmilk feeding, is very relevant to microbiota
formation [74]. One study used a large murine intercross
model in which the genetic background was systematic-
ally evaluated, and environmental factors were
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controlled and showed that host genetic control shaped
individual microbiome diversity in mammals [43]. Not-
ably, another study implanted a female BDF1 mouse
with three Agouti (Ag) and three C57BL/6 embryos and
analyzed fecal samples from the offspring and mother at
weekly intervals following weaning (3 weeks of age) until
10 weeks. This study found dendrogram concordance in
excess of 93% for gut microbiota [75].

Person-specific variations in microbiome composition
and function contribute to the variability in glycemic re-
sponses to a variety of foods [76] and synthetic food

supplements [77]. Some studies showed differences in
disease outcomes between mice of the same strain but
from different mouse facilities or vendors. Two inde-
pendent studies recently demonstrated that gut micro-
biota reconciled different responses to immune
checkpoint inhibitors in mouse models of melanoma,
and tumor growth varied depending on whether the
mice were obtained from The Jackson Laboratory or
Taconic vendors. These mice had the same genetic back-
ground (C57BL/6) but distinct microbial compositions.
Tumors grew slower and responded more robustly to
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anti-PD-L1 immunotherapy in JAX mice than Taconic
mice. Fecal microbiota transplantation from JAX donors
to Taconic recipients enhanced the anti-PD-L1 tumor
efficacy [78]. The authors identified Bifidobacterium as a
crucial agent for mediating anti-PD-L1 efficacy by alter-
ing dendritic cell activity that enhanced CD8-positive T
cell responses to destroy tumors [78]. A/] and C57BL/6
mice in other mouse facilities may have different micro-
biota and respond differently to Bifidobacterium longum
5'4, acetate, and diet.

Conclusion

Our data showed that (a) the use of the same probiotic
induced different changes in gut microbiota, which cor-
related with the host gut microbiota, but that these
changes may not always have positive implications for
health, and adverse effects may occur, and (b) the micro-
biota composition was very relevant to the allergic air-
way inflammation phenotype (Fig. 5). Therefore, the
indiscriminate use of probiotics should be reconsidered
because the effects of these products are dependent on
host-related parameters, such as the resident gut
microbiota.
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