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Early-life changes to lung and gut microbiota have been linked to alterations in
immune responses that may lead to pulmonary diseases later in life. Associations
between early-life microbiota, germ-free status, lung gene expression, lung
development and function are not well described. In this study, we compare
early-life lung gene transcription under germ-free and different perinatal
microbial exposures, and analyze with a predetermined focus on lung capacity
and lung surfactant. We also analyze the later-in-life physiological measures of
breathing patterns and lung surfactant function between the germ-free,
gnotophoric and gnotobiotic offspring. To achieve this, we kept pregnant
BALB/c germ-free mice in separate germ-free isolators until exposure to either
A: no exposure (GF), B: Bifidobacterium animalis ssp. Lactis (BI04) or C: full
cecum content harvested from other female SPF mice (Cecum). Subsequently,
perinatally exposed offspring were used for the analyses. Lung tissue
transcriptomics analysis was done at postnatal day 10 (PNdayl0) at the first
phase of lung alveolar development. Head-out plethysmography for breathing
pattern analysis was performed on the siblings at PNday23 followed by lung
surfactant collection. The function of the collected lung surfactant was then
analyzed ex vivo using the constrained drop surfactometer. Our results show that
lung transcriptomics had differentially expressed genes related to surfactant
turnover between groups and sex at PNday10. They also show that the GF and
BI04 animals had lower respiratory rate than Cecum mice, or compared to age-
matched specific pathogen-free (SPF) reference animals. We also see changes in
lung surfactant function ex vivo. The overall conclusions are that 10-day-old GF
mice do not have a markedly different lung gene transcription compared to
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gnotophoric or gnotobiotic mice, but genes related to surfactant metabolism are
among the few differentially expressed genes. We show here for the first time
that early-life microbiome status correlates with early-life surfactant-gene
transcription and to later-in-life lung surfactant function and associated
respiratory-rate changes in mice.
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Introduction

Reduced lung capacity and function early in life has potential
consequences for respiratory health later in life (Phelan et al., 2002;
Stern et al., 2008; Hancock et al., 2010). Perinatal microbiome
alterations have been investigated in relation to the development of
chronic and developmental lung diseases such as asthma and
bronchopulmonary dysplasia (BPD) (Tirone et al, 2019; Ashley
et al., 2020; Casado and Morty, 2020; Cereta et al., 2021). Most
studies focus on the microbiome impact on the developing immune
system and resistance to pathogens (Herbst et al., 2011; Willers and
Viemann, 2021). Only few studies have investigated perinatal
microbiome influence on lung development, physiology, function
and structure (Yun et al., 2014; Decrue et al., 2020; Schlosser-
Brandenburg et al.,, 2021). Most studies are largely descriptive in
nature, and even though there is increasing evidence that the
human microbiome is involved in the development and
progression of chronic respiratory diseases, more mechanistic
studies and insights are warranted (Gosens et al., 2020).

Mouse studies have mostly used immune-competent mice
treated with antibiotics (Russell et al., 2015) or they compare
germ-free (GF) to specific pathogen-free (SPF) mice (Remot et al.,
2017; Dolma et al, 2020). GF mice are thought to develop
differently than SPF mice. In mice from a GF background that
have been without bacterial stimuli throughout their entire
development, organs, gastrointestinal function and immune
system are thought to develop differently (Thompson and Trexler,
1971; Sommer and Bickhed, 2013). These developmental
differences between GF and SPF mice have been poorly described;
especially for the respiratory system. Furthermore, the question of
whether early-life microbiome status can affect later lung surfactant
function has not yet been investigated (Bernhard, 2016). Lung
surfactant consists of a complex mixture of phospholipids and
proteins that lines and stabilizes the alveolar respiratory surface.

Abbreviations: GF, Germ-free; BI04, Bifidobacterium animalis ssp. Lactis BI-04;
PNday10, Postnatal day 10; (RR), Respiratory rate; (VT), Tidal volume; (TT),
Time of inhalation; (TE), Time of expiration; (TP), Time of pause; CDS,
constrained drop surfactometer; BPD, bronchopulmonary dysplasia; SPF,
Specific Pathogen Free; ARDS, acute respiratory distress syndrome; ILD,

interstitial lung disease.
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The main function of lung surfactant is to reduce the surface
tension at the air-liquid interface, and poor lung surfactant
function can affect respiratory rate due to higher surface tension.
It also acts as a first line defense against respiratory pathogens
(Clements, 1957; Bernhard, 2016; Olmeda et al., 2017).

In this study, we compare offspring that have been exposed
perinatally to different microbial stimuli during pregnancy and
through weaning with other fully GF offspring. The offspring
were all born from originally GF dams in order to compare them
better. We study early-life lung gene transcription, breathing
patterns and lung surfactant function in adolescent GF mice,
compared to mice that were perinatally exposed to either a
single strain of Bifidobacterium (BI04) or exposed to a full
cecum microbial community by fecal matter transplant from
donor adult SPF dams (Cecum). The BI04 strain is a well-
documented probiotic with beneficial early-life effects. The
strain is currently being tested for use in asthma and allergy
treatments, and to reduce respiratory tract infection risk. The
BI04 strain was also used in our previous microbiome studies
(Ouwehand et al., 2009; Weiss et al., 2010; Barfod et al., 2015;
Hui et al., 2021).

Our hypotheses were that perinatal exposure to bacteria would
influence lung gene expression early in life in regards to mucus
production, lung capacity, physical development and breathing
patterns later in life. We also hypothesize a possible specific
probiotic influence from the BI04 strain. Furthermore, special
focus was on the hypothesis that mice born from GF mice (GF
animals) compared to mice born from GF dams exposed to full
microbiome (Cecum animals) would influence lung surfactant
function, thus indicating for the first time that lung surfactant
function is correlated to the microbiome.

Methods
Aim

Our aim was to compare possible early-life lung transcriptomic
differences in genes related to lung development, lung surfactant
and capacity induced by microbial stimuli to GF mice.We also
wanted to explore the possibility that the early-life microbiome
status could influence surfactant properties (ex vivo) and respiratory
parameters such as rate (in vivo) later-in-life.
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Design and setting of the study

We compared three treatment groups of mice: 1) GF mice born
from untreated germ-free dams (1=GF), compared with offspring
born from GF dams that during late pregnancy and weaning were
exposed to either 2) an inoculum with single probiotic bacteria
strain (2=BI04) or 3) a fecal matter transplant with full cecum
material from non-GF SPF dam donors (3=Cecum). We compared
transcriptomic data from lung tissues from a subset of offspring (M
+F) when 10 days old using two different bioinformatics tools for
pathway analysis. Additionally, the transcriptomic data were
analyzed and compared with two pre-made “short lists”. These
were lists of interesting genes associated with total lung capacity and
surfactant-relevant genes from two previous studies published by
others (George et al, 2017; Olmeda et al, 2017). When the
remaining sibling mice were 23 days old, we recorded their
breathing patterns and respiratory rate and collected their lung
surfactant for functionality testing. Surfactant from the GF, BI04
and Cecum groups was tested ex vivo with a constrained drop
surfactometer (CDS) and referenced to breathing patterns and
surfactant properties from a fourth group of normal age-matched
SPF mice (SPF).

Ethics

The experiments were carried out in accordance with the
Danish Animal Experimentation Act (LBK no. 474 of 15/05/2014
and BEK no. 12 of 07/01/2016) and EU Directive 2010/63/EU on
the protection of animals used for scientific purposes. The study was
approved by the Animal Experimentation Inspectorate under the
Ministry of Food, Agriculture and Fisheries of Denmark (License
no. 2018-15-0201-01531), and health monitoring was performed
according to FELASA guidelines (Mahler Convenor et al,, 2014).

Mice and husbandry

GF BALB/cAnNTac mice (Taconic, Germantown, NY) were
housed in our AAALAC accredited germ-free (GF) facility
(University of Copenhagen, Frederiksberg, Denmark) in HEPA-
ventilated isolators (PFI systems, Milton Keynes, UK; pressure 110
pascal, 23°C) with free access to an irradiated Altromin 1324 diet
(Brogaarden, Lynge, Denmark) and sterile water under a 12h light/
dark cycle. The cages were provided with standard bedding, house
and nesting material and were environmentally enriched with a
wood stick for gnawing. GF status was tested both by culturing and
PCR methods (Zachariassen et al., 2019). Microbiome
manipulations were confirmed and all cecum content was visually
inspected at necropsy (Grover and Kashyap, 2014). After time-
mating with GF males, visibly pregnant females were transferred
under sterile conditions to two separate empty sterile isolators (5-6
females/isolator) approximately at embryonic day 18 (E18),
corresponding to the beginning of the 3rd trimester in humans

Frontiers in Microbiomes

10.3389/frmbi.2023.1085508

(Blum et al., 2017). Adult females were inoculated orally with 100ul
bacterial suspension and 900 pl were smeared on the abdomen and
mammae a total of 5 times: Day E18, PNday0-1, PNday5, PNday10
and PNdayl5. Pups were indirectly exposed to the bacteria by the
mammae smear and local environment. Specific pathogen free
(SPF) background BALB/cAnNTac mice (n=10) (Taconic,
Denmark) PN21-23 day old, were used as a reference group for
head-out plethysmography and surfactant function only.

Bacterial inoculums

Gnoto-phoric (BI04) exposure: 100 mg freeze-dried
Bifidobacterium animalis ssp. lactis BI-04 (ATCC SD5219)
approximately 5e10 CFU from DuPont Nutrition & Health,
Finland were mixed with 1:1 with sterile 80% glycerol to 1 ml in
aliquots and kept at -80°C. Gnoto-biotic(Cecum) exposure: Ten SPF
20-week-old BALB/cAnNTac dams (Taconic, Denmark) were killed
after weaning and full cecum content was collected and mixed into
one inoculum 1:1 with sterile 80% glycerol, aliquoted to 1ml and
kept at -80°C. The GF dams did not receive mock treatment with
80% glycerol.

Lung tissue sampling and RNA extraction

PNday10-old mice were killed (n=10 per exposure group) and
the lungs excised. A 3mmx3mm tip of the left lung was snap frozen
in liquid nitrogen and kept at -80°C. RNA extraction on the lung
tissue was carried out utilizing magnetic beads technology on a
chemagic Prepit0® (Perkin Elmer, Waltham, Massachussets), as
recommended by the manufacturers. Concentration and purity
were measured with a NanoDrop1000 spectrophotometer, with all
samples showing an A260/280 ratio between 1.9 and 2.1. RNA
integrity was analyzed using a 2100 Bioanalyzer (Agilent
Technologies) with Agilent RNA 6000 Pico Kit (Agilent
Technologies), as recommended by the manufacturer. All samples
used for RNAseq displayed RNA integrity number (RIN) above 7.

RNA-seq library construction and
sequence mapping

Sequencing libraries were prepared using a TruSeq Stranded
mRNA Prep Kit (Illumina), without the polyA selection step.
Sequencing was performed via a paired end 75 cycle on Illumina
HiSeq 2500 (Molecular Genomics Core, NICHD). The RNA-
Seq data have been submitted to the NCBI (https://
www.ncbi.nlm.nih.gov/geo), with GEO accession number
GSE201075. RNA-Seq reads were trimmed with cutadapt
(-AAGATCGGAAGAGCACACGTCTGAACTCCAGTCA
-AAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
-overlap 6 -q 20 -minimum-length 25) and aligned using STAR (2

pass alignment) to mouse mm10 reference genome sequences.
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Bioinformatics

Heat maps were then constructed using JMP 7 software (SAS
Institute Inc., Cary, NC). The Reactome pathway knowledgebase
(Gillespie et al., 2021) and Ingenuity Pathways Analysis Software
7.0 (Ingenuity Systems Inc., Redwood City, CA) was used to identify
functional pathways. The analysis included genes that showed
either an increase or decrease in transcription with adjusted p-
value (corrected for multiple comparison) P<0.1 in DESeq2.

Head-out plethysmography

PNday23 mice from the 3 exposure groups were placed in an
ordered random fashion across runs, in whole body
plethysmographs with head-out only, using the NOTOCORD-
hem data acquisition software (Notocord Systems SA) to collect
respiratory parameters; respiratory rate (RR), tidal volume (VT),
time of inhalation (TI) and expiration (TE) and time-of-pause (TP)
as described previously (Larsen et al., 2004). The fourth SPF
reference group (n=10) were recorded on a separate run. The
acclimatization period for all runs was 10 minutes followed by
30-minute breathing data capture.

Lung surfactant collection and analysis

After breathing pattern analysis, the mice were killed and
bronchoalveolar lavage (BAL) was performed as before (Barfod
et al, 2013). After removal of cells, the lung lavage fluid was
centrifuged to collect the large aggregates of lung surfactant at
20,000 x g, for 1 h at 4°C (Haczku et al., 2001). The lung surfactant
was pooled by dam (n=1-4 per group, both sexes) to have enough
sample to repeat measurements of each sample. The pooled samples
were analyzed for phospholipid content using a phospholipids kit
(kindly donated by Spinreact, Spain), and the phospholipid content
was adjusted to 1.8-2 mg/ml. For each surface tension
measurement, 10 pL was analyzed and the analysis was repeated
until the sample was empty (1-8 times per pool). The number of
measurements per group was GF=14 mice, BI04 = 21, Cecum=17,
reference SPF mice=10. The lung surfactant was left at 37°C for 5
min prior to testing. Testing was done using a constrained drop
surfactometer (CDS, BioSurface Instruments, United States) in
which a droplet of lung surfactant is deposited on a sharp-edged
pedestal, so that a surfactant film was formed at its air-water
surface. The adsorbed lung surfactant film was pulse-cycled
continuously to mimic breathing and surface tension values were
obtained by analysis of the drop shape using the axisymmetric drop
shape analysis software (ADSA) (Valle et al., 2015; Sorli et al., 2016).
Several properties of lung surfactant were important for lung
surfactant function during the breathing cycle; 1) the
phospholipids have to rapidly cover the air-liquid interface
(adsorption) when the surface area expands during inhalation,
and 2) when the surface area is reduced during exhalation, the
phospholipids need to efficiently pack to reduce surface tension
(Autilio and Peérez-Gil, 2019). To analyze the adsorption surface
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tension, 10 pl of lung surfactant was placed on the pedestal and left
for 60 sec while taking pictures. The average surface tension over
the 60 seconds was reported as adsorption surface tension. To test
how well the phospholipids pack and redistribute in the interphase
during compression and expansion cycles, the drop was then
increased in size by adding approximately 4 uL buffer, and then
cycled at approximately 30% reduction in surface area at 3-second
cycles. The number of cycles needed for the minimum surface
tension to reach <5mN/m was counted. The compression was kept
as similar as possible throughout the experiments to allow for
comparison between groups.

Statistics
RNA-Seq data and statistical analysis

Differentially expressed genes between GF and Cecum or BI04
were identified with DESeq2. Because principal component analysis
showed that sex (determined by RNA-Seq, looking for presence of
reads in the Y chromosome) was by far the most significant
confounding variable, we performed our analysis in two ways.
First, we performed an overall analysis determining the effect of
treatment (GF vs Cecum and GF vs BI04), with sex being a
confounding variable. Second, we performed another analysis in
which the male and female samples were analyzed separately for the
effect of treatment. Genes were considered statistically significant
with a fold change greater than 1.5 (or 0.585 after log2
transformation) and false discovery rate (FDR) <0.05. FDR was
based on p-value adjusted for multiple comparison using the
Benjamini Hochberg correction. Plethysmography: Two-way
ANOVA and Tukey multiple comparisons of means as an
average of 30 minutes of data capture with sex as a variable.
Surfactant function: The data was analyzed using R-Studio
Version 1.3.1056 and the package dplyr. According to the
Shapiro-Wilks test, the data were not normally distributed, except
for data for absorbance. Therefore, the Kruskal-Wallis test was used
to test for a difference between groups for number of cycles needed
to reach a minimum less than 5mN/m and for compression. There
was a difference for number of cycles, thus we performed a pairwise
Wilcoxon rank sum test to find different groups. An ANOVA was
performed on the data for absorbance, and this showed a difference
between groups, this was followed by the Tukey test to find
differences between the groups.

Results

Non-sex differentiated
transcriptomics results

A few genes were upregulated in GF compared to Cecum (17
genes), and BI04 (30 genes). A total of 8 genes were significantly
upregulated in both comparisons: AU040320, Cox6b2 (Cytochrome
C Oxidase Subunit 6B2), Fmnl (Formin 1), Gm11399, Gm7638,
Hist4h4 (Histone H4), Mid1l (Midline 1), and Sfil (SFI1 Centrin
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Binding Protein) (Chi-square P<0.001). Other genes were down-
regulated in GF compared to Cecum (26 genes) and BI04 (24
genes). A total of 14 genes were significant in both comparisons:
Aplm2 (Adaptor Related Protein Complex 1 Subunit Mu 2),
Arhgap19 (Rho GTPase Activating Protein 19), Arl2bp (ADP
Ribosylation Factor Like GTPase 2 Binding Protein),
C530043K16Rik, Cyp26bl (Cytochrome P450 Family 26
Subfamily B Member 1), Fbxl3 (F-Box And Leucine Rich Repeat
Protein 3), Gm33195, Gm37954, Hmbs (Hydroxymethylbilane
Synthase), Mfapla (Microfibrillar-associated protein 1A), Mfaplb
(Microfibrillar-associated protein 1B), Nlrp5-ps (NLR family, pyrin
domain containing 5), Prg2 (Proteoglycan 2, Pro Eosinophil Major
Basic Protein), Shisa7 (Shisa Family Member 7), Stox2 (Storkhead
Box 2), Z{p979 (zinc finger protein 979) (Chi-square P<0.001) (For
all, see Supplementary Table 1.) (For volcano plots see
Supplementary Table 1A GFvs BI04 and 1B GF vs Cecum.)

Cluster analysis

PCA plots were completed by treatment and sex of the animals
(Figure 1). Unexpectedly, at PNDayl10 the major difference in lung
transcriptomics was due to the sex of the animals, although the
treatment effects were still significant. The samples clustered by
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treatment (p=0.0315), but sex of the offspring was the strongest
difference (p=0.0001), without interaction between sex and
treatment. Therefore, we performed all subsequent analyses
separated by sex, where possible. (For separate sex differentiated
PCA plots, see Supplementary Figure 2.)

Sex-differentiated transcriptomics results

The common list of a total of 586 transcripts was significantly
differentially expressed in at least one of two comparisons, i.e. when
comparing GF to BI04 and Cecum animals. Of those, only 14
transcripts overlaped across all sex differentiated comparisons:
Arl2bp, Sfil, Mfapla, Zfp979, Arhgapl9, Gm37954, FbxI3 (F-Box
And Leucine Rich Repeat Protein 3), AU040320, Stox2, Mfaplb,
Apbb2 (Amyloid Beta Precursor Protein Binding Family B Member
2), Gm33195, C530043K16Rik, and Hist4h4. Only eight transcripts
were up or downregulated in Bi04 compared to Cecum: Apoa2
(Apolipoprotein A2), Gm10801, Gm10717, Gm10800, Ahnak
(AHNAK Nucleoprotein), Tnk2os (Tyrosine kinase, non-receptor
2), Egfr (Epidermal Growth Factor Receptor) and Fbxl12o0s (F-box
and leucine-rich repeat protein 12) (Chi-square P<0.001). (See
Heatmap in Supplementary Figure 3 at the end of the
manuscript) and list with p-values in Supplementary Table 2.)

[
°
10 o GF
® BI04
® Cecum
°
[ ANOVA for PC2:
F-value P-value
SEX 196.964 3.85E-12***
{ ] Treatment 4.094 0.0315*
Sex:Treatment  0.642 0.5363
* P<0.05
** P<0.01
***P<0.001
10
©® Female
® Male

Shows lung tissue transcriptomics at PNdayl10 as PCA plots by treatment and sex. By Treatment: The samples clusters by perinatal treatment
GF=Germ-free offspring, BI04=0Offspring perinatally monocuture exposed to Bifidobacterium (BI04), and Cecum= Offspring exposed to full cecum
community (p=0.0315), By Sex: The strongest clustering was according to sex, RED= Females and Blue= Males (p=0.0001).
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Bio informatics analysis

We analyzed the transcription data in two different ways, with
two different tools. The first approach was using the Reactome
pathway knowledgebase, which is an open source, curated database
of pathways and reactions in human biology (Gillespie et al., 2021).
Using the sex-differentiated but compiled data for a Gene Ontology
analysis, we found several lung surfactant-relevant functional
pathways emerged. When comparing the significant transcripts
between Cecum and GF mice the PANTHER, overrepresentation
analysis showed the following, selected pathways: Defective
CSF2RA causes pulmonary surfactant metabolism dysfunction 4
(SMDP4) (R-HSA-5688890), Diseases associated with surfactant
metabolism (R-HSA-5687613), Surfactant metabolism (R-HSA-
5683826) and Gene Ontology Biological Process Complete
protein-lipid complex subunit organization (GO:0071825). (For
complete table see Supplementary Table 3A.) When comparing
the significant transcripts between BI04 vs GF, the results were less
profound and consisted mostly of household gene pathways
involved in cell proliferation and division. (For complete table see
Supplementary Table 3B.)

The second bioinformatic approach used the Ingenuity
Pathway Analysis Tool. The pathways were generated using
QIAGEN Ingenuity Target Explorer (QIAGEN, Inc. https://
targetexplorer.ingenuity.com/). We found 74 pathways, of which
a few selected ones could be related to lung development and to the
presence of bacteria when comparing Cecum animals with GF
animals such as; “Regulation of eIF4 and p70S6K Signaling”,
“Production of Nitric Oxide and Reactive Oxygen Species in
Macrophages”, and “IL-12 Signaling” and “Production in
Macrophages”. (For complete table see Supplementary Table 4A.)
Again, when comparing the significant transcripts between GF
and BI04, the results were less profound. We found 31
pathways consisted mostly of household gene pathways involved
in cell proliferation and division. A few selected, possibly
interesting pathways, stand out: “Antigen Presentation Pathway”,
“IL-4 Signaling”, and “VEGF Signaling” as important for
lung and immune development. (For complete table see
Supplementary Table 4B.)

A few genes matched our pre-made list of
possible genes for lung capacity

Based on the publication by Leeme et al (George et al., 2017),
we compared transcripts possibly related to lung capacity. They had
found 34 genes consistently upregulated or down-regulated at day
E18, P28 and P70 (Supplementary Table 5). The lung-capacity-
relevant transcripts werebased on two different mouse strains: the
C3H/Hej mouse, which grows to have about twice the lung capacity
of the second strain, the age-matched JF1/Ms] mice. Inclusion on
the list was increased lung transcripts in JF1/Ms] (JF1) (small lung)
compared to C3H/HeJ (larger lung) mice at E18 (cut off for fold
change >2 fold; false discovery rate <10%; total number of
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transcripts=45). In our transcripts, we found 10 out of 34 genes
differentially expressed overlapping the prepared list of lung-
capacity-relevant genes: Glrx3 (Glutaredoxin 3), Gm14403,
2610507101Rik, Glplr (Glucagon Like Peptide 1 Receptor), Scn3a
(Sodium Voltage-Gated Channel Alpha Subunit 3), Nme7 ((NME/
NM23 Family Member 7), A330076HO8Rik, Alad (Aminolevulinate
Dehydratase), Gpr137b (G Protein-Coupled Receptor 137B) and
Hc (Hemolytic complement).

Several lung surfactant relevant genes
match our pre-made list

Based on the publication by Olmeta 2017 (Olmeda et al., 2017),
we compiled a list of lung surfactant-metabolism-relevant genes
(Supplementary Table 6). We found 17 out of the 23 lung surfactant
relevant genes on this list were differentially expressed in at least one
comparison of our data: SFTPA1 (Surfactant Protein Al), SFTPB
(Surfactant Protein B), SFTPC (Surfactant Protein C), SFTPD
(Surfactant Protein D), ABCG1 (ATP Binding Cassette Subfamily
G Member 1), ABCA1 (ATP Binding Cassette Subfamily A Member
1), Bach2 (BTB Domain And CNC Homolog 2), CHKA (Choline
Kinase Alpha), PLPP2 (Phospholipid Phosphatase 2), ABCA3 (ATP
Binding Cassette Subfamily A Member 3), Csf2rb (Colony
Stimulating Factor 2 Receptor Subunit Beta), Csflr-ps (Colony
stimulating factor 1 receptor), Csf2rb2 (Colony stimulating factor
2 receptor, beta 2), Pla2g2a (Phospholipase A2 Group IIA), Pla2rl
(Phospholipase A2 Receptor 1), Pla2g6 (Phospholipase A2 Group
VI), Pla2gl2a (Phospholipase A2 group XIIA).

Respiratory rates are lower in GF and BI04
adolescent animals

We found that respiratory rates (RR) were lower in GF and
BI04 animals compared to the similar RR frequency of Cecum and
the SPF reference animals and what have been shown by others
(Bernhard et al, 2001). The two-way ANOVA for RR were
significant for treatment (p= 0.00671) but showed no statistical
differences based on the sex of the animals or had any sex/treatment
interaction. The average numbers of breaths (RR) were: GF(n=16)
=230/min, BI04(n=19)=220/min, Cecum(n=19)=267/min and the
SEP references group(n=10)=261/min. The Cecum animals had a
statistically higher RR than GF and BI04 ((GF vs Cecum
p=0.0550782, Cecum vs BI04 p=0.0069387)). There were no
statistically significant differences between GF, BI04 or Cecum
mice for any of the other recorded breathing parameters related
to tidal volume (VT), time of inhalation (TI) and expiration (TE)
and time-of-pause (TP) (Results not shown). The body weights
were a little higher in the SFP age-matched references group with
average body weight 16.1 g, whereas all mice originating from GF-
background groups all weighed less with a comparable average
GF=9.9g, BI04 = 8.9g, Cecum=9.5g, which was not significantly
different statistically.

frontiersin.org


https://targetexplorer.ingenuity.com/
https://targetexplorer.ingenuity.com/
https://doi.org/10.3389/frmbi.2023.1085508
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Barfod et al.

Lung surfactant function differed between
GF and BI04 animals

The adsorption surface tension of the lung surfactants collected
at PNDay23 was affected (see Figure 2A) and shows an increasing
pattern according to perinatal exposure, with GF mice having
statistically lower adsorption surface tension than both the Cecum
and SPF groups. Furthermore, the surfactant collected from BI04
exposed mice had a less well functioning surfactant (see Figure 2B)
and had to be compressed more times before it reached a minimum
surface tension of less than 5 mN/m compared to GF and Cecum
exposed mice. The measured compression % of all lung surfactants
was similar for all groups, with no statistically significant
differences, which allows comparison of the surfactant function
between groups (see Figure 2C).

Discussion

GF animals have largely been used to study immune maturation
in the absence of microorganisms and how this absence affects the
morphological development of organs, however the effects on the
lungs have been largely overlooked (Sommer and Béckhed, 2013).
We wanted to explore whether early-life microbial exposure could
influence lung development and function. We hypothesized that
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lung gene expression of GF mice would be different to that of
perinatally exposed offspring from a GF background. To this end,
we exposed mice perinatally to a full ecologically complex
microbiota and analyzed the transcriptomics changes in genes
related to mucus production, alveolar development, lung
surfactant metabolism and lung capacity. To elude any probiotic
influences, we compared single strain exposure to that of GF and
Cecum exposed animals. Furthermore, we wanted to investigate the
early life microbial differences in relation to later-in-life breathing
patterns and surfactant function.

The development of the lungs is not complete at birth, and at
PNdayl0 the mouse lung is in the first phase of alveolarization
(Mund et al, 2008). This early-life alveolarization is especially
interesting in relation to BPD diseases research, which has been
correlated to early-life lung microbiome in mice (Yang and Dong,
2020). Previously, it has been shown that GF mice have altered
alveolar architecture compared to SPF and non-SPF mice (Yun
et al., 2014). These observations indicated that microbiota could
influence lung morphology and that higher bacterial abundance
correlated with more and smaller alveoli. This was corroborated by
transplanting murine-derived single-strain exposure of
Lactobacillus spp. into the lungs of GF mice. These mice showed
enhanced mucus production and significant differences in alveolar
diameter and numbers (Yun et al, 2014). This has not been
supported by others, and there are some conflicting publications

401 —
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number of cycles above 5

Lung surfactant from GF, BI04, Cecum exposed mice, and age-matched SPF mice was collected and analyzed using the constrained drop
surfactometer. (A): shows adsorption surface tension during the first 60 seconds, (B): number of cycles before reaching minimum surface tension
below 5 and (C): compression in percent. The adsorption surface tension is similar, however, while Cecum and SPF have a higher adsorption surface
tension than GF mice. The surfactant collected from BI04 exposed mice needed to be compressed more times before it reached a minimum
surface tension less than 5mN/m compared to GF and cecum exposed mice. The compression was the similar for all groups (no statistical significant

differences), which allows comparison between groups. *p<0.05, **p<0.01.
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that have shown no major physiological changes in lungs of GF
mice (Remot et al., 2017).

Although it has previously been shown that there were no sex-
differences in lung volume based on stereology at PNDayl0
(Pozarska et al,, 2017), we showed that sex had the biggest impact
on transcription at PNdayl0 and we decided to analyze the data
based on the sex of the animals, even though this gave us smaller
group sizes. Our data do not show large lung transcription differences
in GF animals related to lung architecture, immunity or mucus
production at PNday10. The transcription of the gene encoding the
main mucin in the lung (Muc5ac) has been shown by Remot et al. to
be higher in SPF mice than in their GF counterparts (Remot et al,
2017). Yun et al. reported a reverse correlation of mucus production
in the lungs with low bacterial abundance (Yun et al., 2014). Our data
do not support differences in Muc5ac transcription between GF, BI04
or Cecum animals from GF-background at PNDay10.

The specific probiotic effects are small but largely relevant. We
found 8 genes, mostly in female mice, that were upregulated or
down regulated in BI04 animals compared to GF and Cecum
animals: Gm10717 have been correlated to susceptibility to
influenza A virus infection in mice (Krementsov et al., 2017).
Gm10800 is related to defects in airway mucosal defense and
pathogenesis of human chronic obstructive pulmonary diseases
(Saini et al., 2014). Gm10801 has been shown to be relevant in
intestinal epithelium maturation after antibiotic treatment in mice
(Garcia et al, 2021). The apoa2 gene encodes a possible lung
surfactant-relevant apolipoprotein and is part of the developing
human lung transcriptome (Kho et al.,, 2010). A gene
polymorphism in apoa2 has been linked to respiratory
rhythmogenesis in mice (Gillombardo et al., 2017). The
developmental emergence of the respiratory rhythmogenic neural
circuits occurs during the last third of pregnancy embryonic day
(E15) in mice (Chevalier et al., 2016).

The bioinformatics analysis of gene pathways and reactions
compared to human biology does not reveal major shifts in the GF
lungs compared to the groups with perinatal bacterial exposure.
However, the few emerging differences between GF and Cecum-
exposed mice were lung surfactant, dysfunction, metabolism and
protein-lipid interaction relevant. The Ingenuity Pathway Analysis
Tool also revealed a few differences between GF and the BI04/
Cecum groups that are relevant to macrophage responses in the
presence of bacteria and some that are important for lung and
immune development, including IL-4 signaling pathway. Others
have shown that the diversity lung microbiome are strongly
correlated to “immune-tone” with baseline concentrations of
inflammatory cytokines IL-lat and IL-4 (Dickson et al, 2018).
Our pathway analysis shows that IL4 signaling is influenced by
perinatal bacterial exposure and that illot is less transcribed in male
GF animals compared to BI04 and Cecum animals.

When comparing the list of genes for lung capacity derived
from Leema et al. only 10 transcripts matched with the relevant
genes for lung capacity: Glrx3, Gm14403, 2610507101Rik, Gpr137b,
Glplr, Scn3a, Nme7, A330076HO08Rik, Alad and Hc. The
dysregulation of Glrx3 is associated with Idiopathic pulmonary
fibrosis (IPF) asthma and COPD (Chia et al., 2020), and Gm14403
(predicted gene). The 2610507101Rik transcript has been associated
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with ventilator—induced lung injury in mice (Xu et al., 2018). The
Gprl37b is a possible regulator of in IL4 mediated M2 macrophage
polarization in response to microbial recognition patterns (Islam
et al, 2019). The Glplr encodes the Glucagon-like peptide-1
receptor (GLP-1R) and it plays an essential role in normal lung
function. In a rat model of pulmonary fibrosis induced by
bleomycin, administration of liraglutide a GLP-1R agonist,
decreased mRNA expression of collagen, hydroxyproline and
other key enzymes. When restored, the ACE2 mRNA levels
modulating the activities of the RAS components increased the
production of surfactant proteins (SFTPal, SFTPb, SFTPc)
(Fandino et al., 2020). We exposed perinatally, starting at
embryonic day 18 (E18) corresponding to the beginning of the
third trimester in humans. It is likely that we would have seen larger
effects on transcription of lung-capacity-relevant genes if we had
started bacterial exposure earlier in the pregnancy, i.e. from
fertilization and implantation through placental development, as
vascularization and embryonic organogenesis mostly takes place
during the first trimester: E0-E14 (Blum et al., 2017).

lung surfactant-relevant genes are influenced by perinatal
microbial exposure. Our data shows that 17 out of our list of 23
lung surfactant-relevant genes are influenced by perinatal microbial
exposure: SFTPA1, SFTPB, SFTPC, SFTPD, ABCG1, ABCAL,
ABCA3, Bach2, CHKA, PLPP2, Csf2rb, Csflr-ps, Csf2rb2,
Pla2g2a, Pla2rl, Pla2g6, Pla2gl2a.

The surfactant proteins SP-A, B, C and D are expressed prenatally
before the end of the pseudoglandular stage E16 in mice (Perl et al,
2002) and relatively early in human fetal lung development around
week 13 (Liley et al., 1989). Homeostasis and composition of
functional pulmonary surfactant is crucial to an operative
respiratory surface during the mechanical conditions imposed by
breathing, and surfactant properties are linked to the respiratory rate
and age (Bernhard et al., 2001; Lopez-Rodriguez and Perez-Gil, 2014).
The hydrophilic proteins, SP-A and SP-D, are involved in lung innate
immunity, and the hydrophobic proteins, SP-B and SP-C, are
essential for the surface active function of surfactant (Olmeda et al.,
2017). We have previously shown some lung microbiota differences
between Sftpd+/+ and Sftpd—/— knockout mice in several biologically
relevant phylogroups such as Staphylococcus, Lactobacillus and
Bifidobacterium (Barfod et al., 2017).

ATP-binding cassette transporter genes are highly expressed in
the lungs compared to many other organs (Langmann et al., 2003).
The ABCA1, ABCG1 and ABCA3 are all involved in movement of
cholesterol and phospholipids from lung cells, where the ABCA3 is
specifically involved in pulmonary surfactant production (Chai et al,,
2017). Severe surfactant deficiency in neonates and some forms of
Interstitial lung disease (ILD) are the consequence of disturbed lung
surfactant homeostasis. This can be due to mutations in the SP-B, SP-
C, or ABCA3 genes (Lopez-Rodriguez and Pérez-Gil, 2014; Whitsett
et al,, 2015). Inactivating the ABCA3 gene causes the mice to die
shortly after birth as they are unable to open their lungs (Fitzgerald
et al,, 2007). It has also been shown that mice lacking ABCG1 have
altered lamellar body and surfactant homeostasis and have
disturbances in the lung microbiome (Vallim et al,, 2015). In our
data, the ABCGL is upregulated in the BI04 animals compared to GF
animals, with the largest changes in the male mice.
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The granulocyte-macrophage colony stimulating factor genes:
Csf2rb, Csflr-ps, Csf2rb2, are essential for maturation of alveolar
macrophages. In addition, they regulate the phospholipid and
cholesterol turnover mediated by the ABCGland ABCA1 lipid
transporter genes and are thus critical to surfactant metabolism
(Malur et al., 2011). As alveolar macrophages are essential for
approximately 20% of surfactant lipids catabolism and clearance
(Rider et al., 1992), it would have been interesting to discern the
macrophage gene expression from other cell types in our study.

The genes Pla2g2a, Pla2rl, Pla2g6, Pla2gl2a belong to a group
of more than 30 enzymes that possess PLA2 or related activity
found in mammals. A third of these belong to the secreted sPLA2
family (Touqui and Alaoui-El-Azher, 2001) that regulate eicosanoid
formation, hydrolyze phospholipids in cell membranes and
extracellular structures like surfactant, and have been linked to
lung diseases like asthma (Nolin et al, 2016). The surfactant-
secreted phospholipase A2 (Pla2g2a) has been linked to
respiratory outcome in preterm neonates (De Luca et al,, 2020),
and Pla2g2a is elevated in the lungs during acute respiratory distress
syndrome (ARDS) (Seeds et al., 2012). PLA2R1-induced senescence
is related to COPD and lung emphysema pathogenesis, and over-
expressing transgenic mice exhibited lung emphysema, fibrosis and
pulmonary hypertension (Beaulieu et al., 2021). Pla2gl2a is highly
expressed in various tissues, but its physiological functions are
largely obscure (Murakami et al,, 2015).

The lung surfactant-relevant turnover/metabolism pathways
are clearly influenced by early-life microbial status and warrant
further investigation into microbiome-lung surfactant interaction
in early life and during microbiome-altering events later in life e.g.
during antibiotics treatment.

We assessed lung surfactant function ex vivo for two essential
properties, i.e. the ability to adsorb and reduce surface tension at an
air liquid interface, and the ability to reduce the minimum surface
tension to values low enough to sustain normal breathing at
physiologically relevant conditions. Both qualities are essential for
the mechanics of breathing, although the reduction in minimum
surface tension is dependent upon how much the surface is
compressed, thus we kept the compression constant (Figure 2C).
We found that lung surfactant from GF mice had a lower
adsorption surface tension than Cecum-exposed mice, or SPF
control mice. This indicates that the lung surfactant from the GF
mice more efficiently covers the air-liquid interface in the
surfactometer. We also assessed how many compression-
expansion cycles it took to reduce the minimum surface tension
below 5mN/m. It has been shown previously that inhibition of lung
surfactant function delays the ability to reach a low minimum
surface tension (Yang et al., 2018) or makes it impossible to reach a
low minimum surface tension (Da Silva et al, 2021). The lung
surfactant from BI04-treated mice needed to be compressed more
times (at the same concentration and compression rate) compared
to GF-treated and Cecum-treated mice. This indicates that the lung
surfactant from the BI04 mice worked less efficiently. It has not been
established how these changes would directly affect breathing
patterns in vivo.

The breathing patterns recorded in vivo by plethysmography
reveal that the respiratory rate is inversely correlated with microbial
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status. GF and BI04 mice have similar low respiratory rates, whereas
Cecum and reference SPF mice have similar and higher respiratory
rates equivalent to what we have seen in other mouse studies (Sorli
et al,, 2018). The qualitative and quantitative compositions of lung
surfactant are known to vary between species and according to
conditions like temperature, breathing pattern, alveolar size, diet
developmental stage or hibernation (Lang et al., 2005; Bernhard
et al., 2007; Pynn et al., 2010; Suri et al., 2012).

Limitations and future study

We could have included an SPF group with PNday10 lungs from
SPF background (normal) mothers in the lung transcriptomics study,
as we did with the plethysmography. Also, due to the observed
unexpected sex differences in lung transcripts we should have
included higher numbers of animals per group. We did not
confirm any transcriptomic results with quantitative methods to
access gene expression. The functional pathway analysis revealed a
few macrophage-relevant changes and it would have been interesting
to isolate the macrophages for a more specific interrogation. Also, a
more longitudinal study approach e.g. surfactant transcription during
post-natal lung development is warranted.

Sum-up

Early-life GF mice have similar lung gene transcription
compared to gnotophoric or gnotobiotic mice, with only few
genes transcribed differently. Among those genes, several are
clearly related to surfactant turnover and function. This correlates
to physiological changes in respiratory rate and lung surfactant
function in littermates at adolescence.

Conclusion

We show here for the first time that early-life microbial status
correlates to altered surfactant gene-transcription and in
gnotophoric mice correlates to later-in-life lung surfactant
function. We also show respiratory rate changes in GF and
gnotophoric mice compared to gnotobiotic and SPF mice. This
warrants further investigation into microbiome lung surfactant
interactions in disease and health.

Data availability statement

The datasets presented in this study can be found at: https://
doi.org/10.5281/zenodo.6815171.

Ethics statement

The animal study was reviewed and approved by The
experiments were carried out in accordance with the Danish

frontiersin.org


https://doi.org/10.5281/zenodo.6815171
https://doi.org/10.5281/zenodo.6815171
https://doi.org/10.3389/frmbi.2023.1085508
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Barfod et al.

Animal Experimentation Act (LBK nr 474 of 15/05/2014 and BEK
nr 12 of 07/01/2016) and the EU-directive 2010/63/EU on the
protection of animals used for scientific purposes. The study was
approved by the Animal Experimentation Inspectorate, Ministry of
Food, Agriculture and Fisheries of Denmark (License No. 2018-15-
0201-01531).

Author contributions

KB conceived and designed the study, obtained funding,
performed the mouse work and drafted the paper. JCL
contributed with transcriptomics analysis, tools and wrote parts
of the paper. SSKH performed RNA extraction and reviewed the
paper. LZ was an integral part of the GF mouse work and reviewed
the paper. AH, reviewed the paper. JS and SS designed and
performed the lung surfactant analysis; collected the surfactant ex
vivo data and reviewed the paper. All authors contributed to the
article and approved the submitted version.

Funding

This project has received funding from the European Union
Horizon 2020 research and innovation program under Marie
Sklodowska-Curie grant agreement no. 798640, and from Danisco
Sweeteners Oy, DuPont.

References

Ashley, S. L., Sjoding, M. W., Popova, A. P., Cui, T. X., Hoostal, M. J., Schmidt, T. M.,
et al. (2020). Lung and gut microbiota are altered by hyperoxia and contribute to
oxygen-induced lung injury in mice. Sci. Transl. Med. 12 (556). doi: 10.1126/
scitranslmed.aau9959

Autilio, C., and Pérez-Gil, J. (2019). Understanding the principle biophysics
concepts of pulmonary surfactant in health and disease. Arch. Dis. Child Fetal
Neonatal Ed 104 (4), F443-f451. doi: 10.1136/archdischild-2018-315413

Barfod, K. K., Roggenbuck, M., Hansen, L. H., Schjerring, S., Larsen, S. T., Serensen,
S.J., et al. (2013). The murine lung microbiome in relation to the intestinal and vaginal
bacterial communities. BMC Microbiol. 13, 303. doi: 10.1186/1471-2180-13-303

Barfod, K. K., Vrankx, K., Mirsepasi-Lauridsen, H. C., Hansen, J. S., Hougaard, K. S.,
Larsen, S. T., et al. (2015). The murine lung microbiome changes during lung
inflammation and intranasal vancomycin treatment. Open Microbiol. J. 9, 167-179.
doi: 10.2174/1874285801509010167

Barfod, K. K., Roggenbuck, M., Al-Shuweli, S., Fakih, D., Serensen, S. J., and
Serensen, G. L. (2017). Alterations of the murine gut microbiome in allergic airway
disease are independent of surfactant protein d. Heliyon 3 (3), €00262. doi: 10.1016/
j-heliyon.2017.e00262

Beaulieu, D., Attwe, A., Breau, M., Lipskaia, L., Marcos, E., Born, E., et al. (2021).
Phospholipase A2 receptor 1 promotes lung cell senescence and emphysema in
obstructive lung disease. Eur. Respir. J. 58 (2). doi: 10.1183/13993003.00752-2020

Bernhard, W. (2016). Lung surfactant: Function and composition in the context of
development and respiratory physiology. Ann. Anat 208, 146-150. doi: 10.1016/
j-aanat.2016.08.003

Bernhard, W., Hoffmann, S., Dombrowsky, H., Rau, G. A., Kamlage, A., Kappler, M.,
et al. (2001). Phosphatidylcholine molecular species in lung surfactant: composition in

relation to respiratory rate and lung development. Am. J. Respir. Cell Mol. Biol. 25 (6),
725-731. doi: 10.1165/ajrcmb.25.6.4616

Bernhard, W., Schmiedl, A., Koster, G., Orgeig, S., Acevedo, C., Poets, C. F,, et al.
(2007). Developmental changes in rat surfactant lipidomics in the context of species
variability. Pediatr. Pulmonol 42 (9), 794-804. doi: 10.1002/ppul.20657

Frontiers in Microbiomes

10.3389/frmbi.2023.1085508

Acknowledgments

Dr. Arthur Ouwehand (DuPont) kindly donated the freeze-
dried Bifidobacterium animalis ssp. lactis BI04 (ATCC SD5219).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/frmbi.2023.1085508/
full#supplementary-material

Blum, J. L., Chen, L. C., and Zelikoff, J. T. (2017). Exposure to ambient particulate
matter during specific gestational periods produces adverse obstetric consequences in
mice. Environ. Health Perspect. 125 (7), 077020. doi: 10.1289/EHP1029

Casado, F., and Morty, R. E. (2020). The emergence of preclinical studies on the role
of the microbiome in lung development and experimental animal models of
bronchopulmonary dysplasia. Am. J. Physiology-Lung Cell. Mol. Physiol. 318 (2),
1402-L404. doi: 10.1152/ajplung.00509.2019

Cereta, A. D, Oliveira, VR., Costa, I. P., Guimaries, LL., Afonso, J. P. R., Fonseca, A.
L., et al. (2021). Early life microbial exposure and immunity training effects on asthma
development and progression. Front. Med. (Lausanne) 8, 662262. doi: 10.3389/
fmed.2021.662262

Chai, A. B, Ammit, A. J., and Gelissen, I. C. (2017). Examining the role of ABC lipid
transporters in pulmonary lipid homeostasis and inflammation. Respir. Res. 18 (1), 41.
doi: 10.1186/s12931-017-0526-9

Chevalier, M., De Sa, R., Cardoit, L., and Thoby-Brisson, M. (2016). Mechanisms
underlying adaptation of respiratory network activity to modulatory stimuli in the
mouse embryo. Neural Plast. 2016, 3905257. doi: 10.1155/2016/3905257

Chia, S. B, Elko, E. A., Aboushousha, R, Manuel, A. M., Wetering, Cvd., Druso, . E.,
et al. (2020). Dysregulation of the glutaredoxin/S-glutathionylation redox axis in lung
diseases. Am. J. Physiology-Cell Physiol. 318 (2), C304-C327. doi: 10.1152/ajpcell.00410.2019

Clements, J. A. (1957). Surface tension of lung extracts. Proc. Soc. Exp. Biol. Med. 95
(1), 170-172. doi: 10.3181/00379727-95-23156

Da Silva, E., Autilio, C., Hougaard, K. S., Baun, A., Cruz, A., Perez-Gil, J., et al.
(2021). Molecular and biophysical basis for the disruption of lung surfactant function
by chemicals. Biochim. Biophys. Acta Biomembr 1863 (1), 183499. doi: 10.1016/
j.bbamem.2020.183499

Decrue, F.,, Gorlanova, O., Usemann, J., and Frey, U. (2020). Lung functional
development and asthma trajectories. Semin. Immunopathol. 42 (1), 17-27. doi:
10.1007/s00281-020-00784-2

De Luca, D., Shankar-Aguilera, S., Autilio, C., Raschetti, R., Vedovelli, L., Fitting, C.,
et al. (2020). Surfactant-secreted phospholipase A(2) interplay and respiratory outcome

frontiersin.org


https://www.frontiersin.org/articles/10.3389/frmbi.2023.1085508/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frmbi.2023.1085508/full#supplementary-material
https://doi.org/10.1126/scitranslmed.aau9959
https://doi.org/10.1126/scitranslmed.aau9959
https://doi.org/10.1136/archdischild-2018-315413
https://doi.org/10.1186/1471-2180-13-303
https://doi.org/10.2174/1874285801509010167
https://doi.org/10.1016/j.heliyon.2017.e00262
https://doi.org/10.1016/j.heliyon.2017.e00262
https://doi.org/10.1183/13993003.00752-2020
https://doi.org/10.1016/j.aanat.2016.08.003
https://doi.org/10.1016/j.aanat.2016.08.003
https://doi.org/10.1165/ajrcmb.25.6.4616
https://doi.org/10.1002/ppul.20657
https://doi.org/10.1289/EHP1029
https://doi.org/10.1152/ajplung.00509.2019
https://doi.org/10.3389/fmed.2021.662262
https://doi.org/10.3389/fmed.2021.662262
https://doi.org/10.1186/s12931-017-0526-9
https://doi.org/10.1155/2016/3905257
https://doi.org/10.1152/ajpcell.00410.2019
https://doi.org/10.3181/00379727-95-23156
https://doi.org/10.1016/j.bbamem.2020.183499
https://doi.org/10.1016/j.bbamem.2020.183499
https://doi.org/10.1007/s00281-020-00784-2
https://doi.org/10.3389/frmbi.2023.1085508
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Barfod et al.

in preterm neonates. Am. J. Physiol. Lung Cell Mol. Physiol. 319 (1), L95-1104.
doi: 10.1152/ajplung.00462.2019

Dickson, R. P., Erb-Downward, J. R., Falkowski, N R., Hunter, E. M., Ashley, S. L.,
and Huffnagle, G. B. (2018). The lung microbiota of healthy mice are highly variable,
cluster by environment, and reflect variation in baseline lung innate immunity. Am. J.
Respir. Crit. Care Med. 198 (4), 497-508. doi: 10.1164/rccm.201711-21800C

Dolma, K., Freeman, A. E,, Rezonzew, G., Payne, G. A, Xu, X, Jilling, T, et al.
(2020). Effects of hyperoxia on alveolar and pulmonary vascular development in germ-
free mice. Am. J. Physiol. Lung Cell Mol. Physiol. 318 (2), L421-L428. doi: 10.1152/
ajplung.00316.2019

Fandifio, J., Toba, L., Gonzalez-Matias, L. C., Diz-Chaves, Y., and Mallo, F. (2020).
GLP-1 receptor agonist ameliorates experimental lung fibrosis. Sci. Rep. 10 (1), 18091.
doi: 10.1038/541598-020-74912-1

Fitzgerald, M. L., Xavier, R., Haley, K. J., Welti, R,, Goss, J. L., Brown, C. E,, et al.
(2007). ABCA3 inactivation in mice causes respiratory failure, loss of pulmonary
surfactant, and depletion of lung phosphatidylglycerol. J. Lipid Res. 48 (3), 621-632.
doi: 10.1194/jlr.M600449-JLR200

Garcia, T. M., van Roest, M., Vermeulen, J. L. M., Meisner, S., Smit, W. L., Silva, J,
et al. (2021). Early life antibiotics influence in vivo and in vitro mouse intestinal
epithelium maturation and functioning. Cell Mol. Gastroenterol. Hepatol. 12 (3), 943
981. doi: 10.1016/j.jcmgh.2021.05.019

George, L., Mitra, A., Thimraj, T. A, Irmler, M., Vishweswaraiah, S., Lunding, L.,
etal. (2017). Transcriptomic analysis comparing mouse strains with extreme total lung
capacities identifies novel candidate genes for pulmonary function. Respir. Res. 18 (1),
152. doi: 10.1186/s12931-017-0629-3

Gillespie, M., Jassal, B., Stephan, R., Milacic, M., Rothfels, K., Senff-Ribeiro, A., et al.
(2021). The reactome pathway knowledgebase 2022. Nucleic Acids Res. 50 (D1), D687~
D692. doi: 10.1093/nar/gkab1028

Gillombardo, C. B., Darrah, R., Dick, T. E., Moore, M., Kong, N., Decker, M. ], et al.
(2017). C57BL/6] mouse apolipoprotein A2 gene is deterministic for apnea. Respir.
Physiol. Neurobiol. 235, 88-94. doi: 10.1016/j.resp.2016.10.006

Gosens, R., Hiemstra, P. S., Adcock, I. M., Bracke, K. R., Dickson, R. P., Hansbro, P.
M, et al. (2020). Host-microbe cross-talk in the lung microenvironment: implications
for understanding and treating chronic lung disease. Eur. Respir. J. 56 (2). doi: 10.1183/
13993003.02320-2019

Grover, M., and Kashyap, P. C. (2014). Germ-free mice as a model to study effect of
gut microbiota on host physiology. Neurogastroenterol Motil. 26 (6), 745-748. doi:
10.1111/nmo.12366

Haczku, A., Atochina, E. N., Tomer, Y., Chen, H., Scanlon, S. T., Russo, S., et al.
(2001). Aspergillus fumigatus-induced allergic airway inflammation alters surfactant
homeostasis and lung function in BALB/c mice. Am. J. Respir. Cell Mol. Biol. 25 (1), 45-
50. doi: 10.1165/ajrcmb.25.1.4391

Hancock, D. B., Eijgelsheim, M., Wilk, J. B., Gharib, SA., Loehr, L. R,, Marciante, K.
D, et al. (2010). Meta-analyses of genome-wide association studies identify multiple
loci associated with pulmonary function. Nat. Genet. 42 (1), 45-52. doi: 10.1038/ng.500

Herbst, T., Sichelstiel, A., Schir, C., Yadava, K., Biirki, K., Cahenzli, ], et al. (2011).
Dysregulation of allergic airway inflammation in the absence of microbial colonization.
Am. ]. Respir. Crit. Care Med. 184 (2), 198-205. doi: 10.1164/rccm.201010-15740C

Hui, Y., Smith, B., Mortensen, M. S., Krych, L., Serensen, S. J., Greisen, G., et al.
(2021). The effect of early probiotic exposure on the preterm infant gut microbiome
development. Gut Microbes 13 (1), 1951113. doi: 10.1080/19490976.2021.1951113

Islam, Z., Inui, T., and Ishibashi, O. (2019). Gpr137b is an orphan G-protein-coupled
receptor associated with M2 macrophage polarization. Biochem. Biophys. Res.
Commun. 509 (3), 657-663. doi: 10.1016/j.bbrc.2018.12.140

Kho, A. T., Bhattacharya, S., Tantisira, K. G., Carey, V. J., Gaedigk, R,, Leeder, J. S.,
et al. (2010). Transcriptomic analysis of human lung development. Am. J. Respir. Crit.
Care Med. 181 (1), 54-63. doi: 10.1164/rccm.200907-10630C

Krementsov, D. N., Case, L. K, Dienz, O., Raza, A, Fang, Q., Ather, J. L., et al.
(2017). Genetic variation in chromosome y regulates susceptibility to influenza a virus
infection. Proc. Natl. Acad. Sci. U.S.A. 114 (13), 3491-3496. doi: 10.1073/
pnas.1620889114

Lang, C.J., Postle, A. D., Orgeig, S., Possmayer, F., Bernhard, W., Panda, A. K., et al.
(2005). Dipalmitoylphosphatidylcholine is not the major surfactant phospholipid
species in all mammals. Am. J. Physiol. Regul. Integr. Comp. Physiol. 289 (5), R1426-
R1439. doi: 10.1152/ajpregu.00496.2004

Langmann, T., Mauerer, R., Zahn, A., Moehle, C., Probst, M., Stremmel, W., et al.
(2003). Real-time reverse transcription-PCR expression profiling of the complete
human ATP-binding cassette transporter superfamily in various tissues. Clin. Chem.
49 (2), 230-238. doi: 10.1373/49.2.230

Larsen, S. T., Hansen, J. S., Hammer, M., Alarie, Y., and Nielsen, G. D. (2004). Effects
of mono-2-ethylhexyl phthalate on the respiratory tract in BALB/c mice. Hum. Exp.
Toxicol. 23 (11), 537-545. doi: 10.1191/0960327104ht4860a

Liley, H. G., White, R. T., Warr, R. G., Benson, B. J., Hawgood, S., and Ballard, P. L.
(1989). Regulation of messenger RNAs for the hydrophobic surfactant proteins in
human lung. J. Clin. Invest. 83 (4), 1191-1197. doi: 10.1172/JCI114000

Lopez-Rodriguez, E., and Pérez-Gil, J. (2014). Structure-function relationships in
pulmonary surfactant membranes: from biophysics to therapy. Biochim. Biophys. Acta
1838 (6), 1568-1585. doi: 10.1016/j.bbamem.2014.01.028

Frontiers in Microbiomes

11

10.3389/frmbi.2023.1085508

Mibhler Convenor, M., Berard, M., Feinstein, R., Gallagher, A., Illgen-Wilcke, B.,
Pritchett-Corning, K., et al. (2014). FELASA recommendations for the health
monitoring of mouse, rat, hamster, guinea pig and rabbit colonies in breeding and
experimental units. Lab. Anim. 48 (3), 178-192. doi: 10.1177/0023677213516312

Malur, A., Huizar, 1., Wells, G., Barna, B. P., Malur, A. G., and Thomassen, M. J.
(2011). Lentivirus-ABCG1 instillation reduces lipid accumulation and improves lung
compliance in GM-CSF knock-out mice. Biochem. Biophys. Res. Commun. 415 (2),
288-293. doi: 10.1016/j.bbrc.2011.10.043

Mund, S. I, Stampanoni, M., and Schittny, J. C. (2008). Developmental
alveolarization of the mouse lung. Dev. Dyn 237 (8), 2108-2116. doi: 10.1002/
dvdy.21633

Murakami, M., Sato, H., Miki, Y., Yamamoto, K., and Taketomi, Y. (2015). A new
era of secreted phospholipase A,. J. Lipid Res. 56 (7), 1248-1261. doi: 10.1194/
jlr.R058123

Nolin, J. D., Ogden, H. L, Lai, Y., Altemeier, W. A,, Frevert, C. W., Bollinger, J. G.,
et al. (2016). Identification of epithelial phospholipase A(2) receptor 1 as a potential
target in asthma. Am. J. Respir. Cell Mol. Biol. 55 (6), 825-836. doi: 10.1165/rcmb.2015-
01500C

Olmeda, B., Martinez-Calle, M., and Pérez-Gil, J. (2017). Pulmonary surfactant
metabolism in the alveolar airspace: Biogenesis, extracellular conversions, recycling.
Ann. Anat. 209, 78-92. doi: 10.1016/j.aanat.2016.09.008

Ouwehand, A. C., Nermes, M., Collado, M. C., Rautonen, N., Salminen, S., and
Isolauri, E. (2009). Specific probiotics alleviate allergic rhinitis during the birch pollen
season. World ]. Gastroenterol. 15 (26), 3261-3268. doi: 10.3748/wjg.15.3261

Perl, A. K., Wert, SE., Nagy, A., Lobe, C. G., and Whitsett, J. A. (2002). Early
restriction of peripheral and proximal cell lineages during formation of the lung. Proc.
Natl. Acad. Sci. U.S.A. 99 (16), 10482-10487. doi: 10.1073/pnas.152238499

Phelan, P. D., Robertson, C. F., and Olinsky, A. (2002). The Melbourne asthma
study: 1964-1999. J. Allergy Clin. Immunol. 109 (2), 189-194. doi: 10.1067/
mai.2002.120951

Pozarska, A., Rodriguez-Castillo, J. A., Solaligue, D. E. S., Ntokou, A., Rath, P.,
Mizikova, L, et al. (2017). Stereological monitoring of mouse lung alveolarization from
the early postnatal period to adulthood. Am. J. Physiology-Lung Cell. Mol. Physiol. 312
(6), L882-1895. doi: 10.1152/ajplung.00492.2016

Pynn, C. J., Picardi, M. V., Nicholson, T., Wistuba, D., Poets, C. F., Schleicher, E.,
et al. (2010). Myristate is selectively incorporated into surfactant and decreases
dipalmitoylphosphatidylcholine without functional impairment. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 299 (5), R1306-R1316. doi: 10.1152/ajpregu.00380.2010

Remot, A., Descamps, D., Noordine, M. L., Boukadiri, A., Mathieu, E., Robert, V.,
etal. (2017). Bacteria isolated from lung modulate asthma susceptibility in mice. Isme J.
11 (5), 1061-1074. doi: 10.1038/isme;j.2016.181

Rider, E. D., Ikegami, M., and Jobe, A. H. (1992). Localization of alveolar surfactant
clearance in rabbit lung cells. Am. J. Physiol. 263 (2 Pt 1), L201-1209. doi: 10.1152/
ajplung.1992.263.2.1.201

Russell, S. L., Gold, M. J., Reynolds, L. A., Willing, B. P., Dimitriu, P., Thorson, L.,
et al. (2015). Perinatal antibiotic-induced shifts in gut microbiota have differential
effects on inflammatory lung diseases. J. Allergy Clin. Immunol. 135 (1), 100-109. doi:
10.1016/j.jaci.2014.06.027

Serli, J. B., Da Silva, E., Bickman, P., Levin, M., Thomsen, B. L., Koponen, I. K,, et al.
(2016). A proposed in vitro method to assess effects of inhaled particles on lung
surfactant function. Am. J. Respir. Cell Mol. Biol. 54 (3), 306-311. doi: 10.1165/
rcmb.2015-0294MA

Serli, J. B., Balogh Sivars, K., Da Silva, E., Hougaard, K. S., Koponen, I. K., Zuo, Y. Y.,
et al. (2018). Bile salt enhancers for inhalation: Correlation between in vitro and in vivo
lung effects. Int. J. Pharm. 550 (1-2), 114-122. doi: 10.1016/j.ijpharm.2018.08.031

Saini, Y., Dang, H., Livraghi-Butrico, A., Kelly, E. ], Jones, L. C., O'Neal, W. K., et al.
(2014). Gene expression in whole lung and pulmonary macrophages reflects the
dynamic pathology associated with airway surface dehydration. BMC Genomics 15
(1), 726. doi: 10.1186/1471-2164-15-726

Schlosser-Brandenburg, J., Ebner, F., Klopfleisch, R., Kiihl, A. A., Zentek, J., Pieper,
R, et al. (2021). Influence of nutrition and maternal bonding on postnatal lung
development in the newborn pig. Front. Immunol. 12, 734153. doi: 10.3389/
fimmu.2021.734153

Seeds, M. C,, Grier, B. L., Suckling, B. N, Safta, A. M., Long, D. L., Waite, B. M,, et al.
(2012). Secretory phospholipase A2-mediated depletion of phosphatidylglycerol in
early acute respiratory distress syndrome. Am. J. Med. Sci. 343 (6), 446-451.
doi: 10.1097/MAJ.0b013e318239¢96¢

Sommer, F., and Bickhed, F. (2013). The gut microbiota-masters of host
development and physiology. Nat. Rev. Microbiol. 11 (4), 227-238. doi: 10.1038/
nrmicro2974

Stern, D. A, Morgan, W. J., Halonen, M., Wright, A. L., and Martinez, F. D. (2008).
Wheezing and bronchial hyper-responsiveness in early childhood as predictors of
newly diagnosed asthma in early adulthood: a longitudinal birth-cohort study. Lancet
372 (9643), 1058-1064. doi: 10.1016/S0140-6736(08)61447-6

Suri, L. N. M., McCaig, L., Picardi, M. V., Ospina, O. L., Veldhuizen, R. A. W.,
Staples, J. F., et al. (2012). Adaptation to low body temperature influences pulmonary
surfactant composition thereby increasing fluidity while maintaining appropriately
ordered membrane structure and surface activity. Biochim. Biophys. Acta (BBA) -
Biomembranes 1818 (7), 1581-1589. doi: 10.1016/j.bbamem.2012.02.021

frontiersin.org


https://doi.org/10.1152/ajplung.00462.2019
https://doi.org/10.1164/rccm.201711-2180OC
https://doi.org/10.1152/ajplung.00316.2019
https://doi.org/10.1152/ajplung.00316.2019
https://doi.org/10.1038/s41598-020-74912-1
https://doi.org/10.1194/jlr.M600449-JLR200
https://doi.org/10.1016/j.jcmgh.2021.05.019
https://doi.org/10.1186/s12931-017-0629-3
https://doi.org/10.1093/nar/gkab1028
https://doi.org/10.1016/j.resp.2016.10.006
https://doi.org/10.1183/13993003.02320-2019
https://doi.org/10.1183/13993003.02320-2019
https://doi.org/10.1111/nmo.12366
https://doi.org/10.1165/ajrcmb.25.1.4391
https://doi.org/10.1038/ng.500
https://doi.org/10.1164/rccm.201010-1574OC
https://doi.org/10.1080/19490976.2021.1951113
https://doi.org/10.1016/j.bbrc.2018.12.140
https://doi.org/10.1164/rccm.200907-1063OC
https://doi.org/10.1073/pnas.1620889114
https://doi.org/10.1073/pnas.1620889114
https://doi.org/10.1152/ajpregu.00496.2004
https://doi.org/10.1373/49.2.230
https://doi.org/10.1191/0960327104ht486oa
https://doi.org/10.1172/JCI114000
https://doi.org/10.1016/j.bbamem.2014.01.028
https://doi.org/10.1177/0023677213516312
https://doi.org/10.1016/j.bbrc.2011.10.043
https://doi.org/10.1002/dvdy.21633
https://doi.org/10.1002/dvdy.21633
https://doi.org/10.1194/jlr.R058123
https://doi.org/10.1194/jlr.R058123
https://doi.org/10.1165/rcmb.2015-0150OC
https://doi.org/10.1165/rcmb.2015-0150OC
https://doi.org/10.1016/j.aanat.2016.09.008
https://doi.org/10.3748/wjg.15.3261
https://doi.org/10.1073/pnas.152238499
https://doi.org/10.1067/mai.2002.120951
https://doi.org/10.1067/mai.2002.120951
https://doi.org/10.1152/ajplung.00492.2016
https://doi.org/10.1152/ajpregu.00380.2010
https://doi.org/10.1038/ismej.2016.181
https://doi.org/10.1152/ajplung.1992.263.2.L201
https://doi.org/10.1152/ajplung.1992.263.2.L201
https://doi.org/10.1016/j.jaci.2014.06.027
https://doi.org/10.1165/rcmb.2015-0294MA
https://doi.org/10.1165/rcmb.2015-0294MA
https://doi.org/10.1016/j.ijpharm.2018.08.031
https://doi.org/10.1186/1471-2164-15-726
https://doi.org/10.3389/fimmu.2021.734153
https://doi.org/10.3389/fimmu.2021.734153
https://doi.org/10.1097/MAJ.0b013e318239c96c
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1016/S0140-6736(08)61447-6
https://doi.org/10.1016/j.bbamem.2012.02.021
https://doi.org/10.3389/frmbi.2023.1085508
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

Barfod et al.

Thompson, G. R,, and Trexler, P. C. (1971). Gastrointestinal structure and function
in germ-free or gnotobiotic animals. Gut 12 (3), 230-235. doi: 10.1136/gut.12.3.230

Tirone, C., Pezza, L., Paladini, A., Tana, M., Aurilia, C., Lio, A., et al. (2019). Gut and
lung microbiota in preterm infants: Immunological modulation and implication in
neonatal outcomes. Front. Immunol. 10, 2910. doi: 10.3389/fimmu.2019.02910

Touqui, L., and Alaoui-El-Azher, M. (2001). Mammalian secreted phospholipases
A2 and their pathophysiological significance in inflammatory diseases. Curr. Mol. Med.
1 (6), 739-754. doi: 10.2174/1566524013363258

Valle, R. P., Wu, T., and Zuo, Y. Y. (2015). Biophysical influence of airborne carbon
nanomaterials on natural pulmonary surfactant. ACS Nano 9 (5), 5413-5421. doi:
10.1021/acsnano.5b01181

Vallim, T., Baldan, A., Cheng, J., Goulbourne, C., Org, E., Lusis, A. ], et al. (2015).
Abstract 19020: ABCGI1 regulates pulmonary surfactant homeostasis and the lung
microbiome. Circulation 132 (suppl_3), A19020-A19020. doi: 10.1194/jlr.M075101

Weiss, G., Rasmussen, S., Nielsen Fink, L., Jarmer, H., Nohr Nielsen, B., and
Frokiaer, H. (2010). Bifidobacterium bifidum actively changes the gene expression
profile induced by lactobacillus acidophilus in murine dendritic cells. PLoS One 5 (6),
€11065. doi: 10.1371/journal.pone.0011065

Whitsett, J. A., Wert, S. E,, and Weaver, T. E. (2015). Diseases of pulmonary
surfactant homeostasis. Annu. Rev. Pathol. 10, 371-393. doi: 10.1146/annurev-pathol-
012513-104644

Frontiers in Microbiomes

12

10.3389/frmbi.2023.1085508

Willers, M., and Viemann, D. (2021). Role of the gut microbiota in airway immunity
and host defense against respiratory infections. Biol. Chem. 402 (12), 1481-1491. doi:
10.1515/hsz-2021-0281

Xu, B,, Wang, Y., Li, X,, Mao, Y., and Deng, X. (2018). RNA-sequencing analysis of
aberrantly expressed long non—coding RNAs and mRNAs in a mouse model of
ventilator—induced lung injury. Mol. Med. Rep. 18 (1), 882-892. doi: 10.3892/
mmr.2018.9034

Yang, K., and Dong, W. (2020). Perspectives on probiotics and bronchopulmonary
dysplasia. Front. Pediatr. 8, 570247. doi: 10.3389/fped.2020.570247

Yang, Y., Xu, L., Dekkers, S., Zhang, L. G., Cassee, F. R., and Zuo, Y. Y. (2018).
Aggregation state of metal-based nanomaterials at the pulmonary surfactant film
determines biophysical inhibition. Environ. Sci. Technol. 52 (15), 8920-8929. doi:
10.1021/acs.est.8b02976

Yun, Y., Srinivas, G., Kuenzel, S., Linnenbrink, M., Alnahas, S., Bruce, K. D., et al.
(2014). Environmentally determined differences in the murine lung microbiota and
their relation to alveolar architecture. PLoS One 9 (12), e113466. doi: 10.1371/
journal.pone.0113466

Zachariassen, L. F., Krych, L., Rasmussen, S. H., Nielsen, D. S., Kot, W., Holm, T. L.,
et al. (2019). Cesarean section induces microbiota-regulated immune disturbances in
C57BL/6 mice. J. Immunol. 202 (1), 142-150. doi: 10.4049/jimmunol.1800666

frontiersin.org


https://doi.org/10.1136/gut.12.3.230
https://doi.org/10.3389/fimmu.2019.02910
https://doi.org/10.2174/1566524013363258
https://doi.org/10.1021/acsnano.5b01181
https://doi.org/10.1194/jlr.M075101
https://doi.org/10.1371/journal.pone.0011065
https://doi.org/10.1146/annurev-pathol-012513-104644
https://doi.org/10.1146/annurev-pathol-012513-104644
https://doi.org/10.1515/hsz-2021-0281
https://doi.org/10.3892/mmr.2018.9034
https://doi.org/10.3892/mmr.2018.9034
https://doi.org/10.3389/fped.2020.570247
https://doi.org/10.1021/acs.est.8b02976
https://doi.org/10.1371/journal.pone.0113466
https://doi.org/10.1371/journal.pone.0113466
https://doi.org/10.4049/jimmunol.1800666
https://doi.org/10.3389/frmbi.2023.1085508
https://www.frontiersin.org/journals/microbiomes
https://www.frontiersin.org

	The impact of bacterial exposure in early life on lung surfactant gene expression, function and respiratory rate in germ-free mice
	Introduction
	Methods
	Aim
	Design and setting of the study
	Ethics
	Mice and husbandry
	Bacterial inoculums
	Lung tissue sampling and RNA extraction
	RNA-seq library construction and sequence mapping
	Bioinformatics
	Head-out plethysmography
	Lung surfactant collection and analysis

	Statistics
	RNA-Seq data and statistical analysis

	Results
	Non-sex differentiated transcriptomics results
	Cluster analysis
	Sex-differentiated transcriptomics results
	Bio informatics analysis
	A few genes matched our pre-made list of possible genes for lung capacity
	Several lung surfactant relevant genes match our pre-made list
	Respiratory rates are lower in GF and BI04 adolescent animals
	Lung surfactant function differed between GF and BI04 animals

	Discussion
	Limitations and future study
	Sum-up
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


