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Abstract in Deutsch

Einleitung: Asthma ist eine sowohl genetisch als auch durch die Umwelt beeinflusste
Lungenerkrankung, die sich durch Husten, Keuchen und Atemnot duf3ert. Der Zusam-
menhang zwischen der Einnahme von Antibiotika wahrend der Schwangerschaft und
dem erh6hten Asthmaschweregrad bei Kindern wurde in vielen Studien vorgeschlagen.
Allerdings sind die Mechanismen jedoch noch nicht griindlich untersucht worden.

Zielsetzung: Das Ziel in diesem Projekt ist, ein Mausmodell zu etablieren, um die Aus-
wirkungen der préanatalen Antibiotikaexposition auf die Asthmaentwicklung bei Nachkom-
men zu untersuchen. AuRerdem soll die Wirkung der Dysbioselbertragung auf die Im-

munsystem- und Asthmaentwicklung untersucht werden.

Methoden: Trachtige Mause wurden mit Vancomycin oder Wasser behandelt, dann wur-
den die Nachkommen einem Asthma-Protokoll unterzogen. Der Asthmaschweregrad
wurde bei Nachkommen ermittelt (durch Die Bestimmung der Leukozytenzahl der bron-
choalveolare Lavage, Zytokin- und Serumantikdrpermessungen, Lungenhistologie und
bronchiale Hyperreaktivitat-Test). RNA-Sequenzierung und Gaschromatographie wurden
eingesetzt, um die Darmmikrobiom-Zusammensetzung und die Konzentration kurzketti-
ger Fettsduren zu erforschen. Dunndarm, Blut und Lunge der Nachkommen wurden im-
munphéanotypisiert, und die Darmentziindung und das Leaky-Gut wurden untersucht.
Schlief3lich wurde der miutterliche Darm und die Milchzusammensetzung wahrend der

Stillzeit untersucht.

Ergebnisse: Asthma-Analyse: Préanatal-Antibiotika-Nachkommen zeigten einen schwe-
reren Asthmagrad als Pranatal-Kontrolle-Nachkommen (erhoht: BAL-Eosinophilen, Se-
rum-Gesamt-lgG1, OVA-IgG1l und OVA-IgE, Lungenentziindung und Atemwegswider-
stand). Mikrobiota-Analyse: Die Vancomycin-Behandlung war mit einer Darmdysbiose
bei Mittern und Nachkommen verbunden. Gram-negative Bacteroides und Escherichia
waren angereichert, wahrend die Produzenten kurzkettiger Fettsduren (SCFA), Rumi-
nococcus und Clostridium, dezimiert waren. Dies ging mit verringerten fakalen SCFA-
Konzentrationen, einer erhhten Darmentziindung bei den Nachkommen, Leaky-Gut und

der Verbreitung von Lipopolysacchariden in den Blutkreislauf einher.

Durchflusszytometrie: Die Darmdysbiose der Nachkommen war mit einem entzindlichen
ILC3-Phéanotyp im Darm verbunden. Das Blut wies einen erhéhten Anteil an RORyt+ T-

Helferzellen (Th-Zellen) und eine erhdhte Eosinophilen-Aktivierung auf, und auch in der
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Lunge war der Anteil an RORyt+ Th-Zellen im friihen Leben und nach der Asthma-Induk-

tion erhoht.

Schlussfolgerung: Die pranatale Antibiotikaexposition war mit einer Darmdysbiose, ver-

minderten SCFA-Konzentrationen und Entziindungen im Darm sédugender Mause ver-
bunden, was zu einer Disposition von LPS im Serum fihrte. Dies ging mit einem erhéhten
Anteil an RORyt+ Th-Zellen im Blut und in der Lunge wahrend des friihen Lebens einher.
Wir stellen die Hypothese auf, dass dieser Prozess zu dem in unserem Modell beobach-
teten erhdohten Schweregrad des Asthmas beitragt.

Abstract in English
Introduction: Asthma is a pulmonary disease influenced by both genetics and the envi-
ronment, that manifests with cough, wheezing and breathing difficulties. Many studies
have linked antibiotic use during pregnancy to increased asthma severity in children; how-

ever, the underlying mechanisms have not been thoroughly investigated.

Objective: This project aims to establish a mouse model to study the impact of prenatal
antibiotic exposure on offspring asthma development. Further, we will investigate how the
mother-offspring transfer of antibiotic-induced gut microbial dysbiosis influences immune

system development and the severity of allergic asthma.

Methods: Pregnant mice were treated orally with vancomycin or water (control), then the
offspring were subjected to an ovalbumin experimental asthma protocol. Asthma severity
was assessed in allergic offspring (bronchoalveolar lavage (BAL) differential cell counts,
cytokine and serum antibody measurements, lung histology and airway reactivity).
16sRNA sequencing and gas chromatography were used to longitudinally examine fecal
gut microbiome composition and short chain fatty acid concentrations in mothers and
offspring. Offspring small intestine, blood and lung were immunophenotyped by flow cy-
tometry, and intestinal inflammation and barrier permeability were assessed (through
lipocalin-2, lipopolysaccharide and FITC-Dextran assays). Finally, immunohistochemistry
was performed on the maternal intestine during lactation, and breast milk composition

was assessed.

Results: Asthma phenotype: Allergic offspring from vancomycin treated mothers
showed a more severe asthma phenotype than allergic offspring from control mothers
(increased: BAL eosinophils, serum total IgG1, OVA IgG1 and OVA IgE, lung inflamma-

tion and airway resistance). Microbiota analysis: Maternal vancomycin treatment was
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associated with gut dysbiosis in mothers and offspring. Gram-negative Bac-
teroides and Escherichia were enriched, whereas short-chain fatty acid (SCFA) produc-
ers Ruminococcus and Clostridium were depleted. This was associated with decreased
fecal SCFA concentrations, increased intestinal inflammation in the offspring, compro-

mised gut barrier integrity and lipopolysaccharide dissemination to the circulation.

Flow cytometry: Offspring intestinal dysbiosis was associated with an inflammatory
ILC3 phenotype in the intestine. Blood from dysbiotic offspring showed increased RORyt*
T helper cell percentages and eosinophils activation, and the lungs also held increased

RORyt* Th cell percentages in early life and after asthma induction.

Conclusion: Prenatal antibiotic exposure was associated with gut dysbiosis, decreased
SCFA concentrations and inflammation in the gut of suckling mice, leading to disposition
of LPS in the serum. This was accompanied by increased RORyt" Th cell percentages in
the blood and lung during early life. We hypothesize that this process contributes to the

increased asthma severity seen in our model.
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1. Introduction

1.1. Asthma definition, manifestations and etiology
Allergic asthma is a chronic inflammatory disease of the airways, which is increasing in
prevalence worldwide, especially in children in industrialized countries [1,2]. In 2023 up-
date of the Global burden of chronic respiratory diseases and risk factors, it was estimated
that more than 260 million people have asthma, which is responsible for over 460,000
deaths worldwide [3] Affecting 1 in 10 children and 1 in 12 adults, asthma is manifested
by cough, wheezing and airway contraction with accumulated mucous and shortness of
breath [4].
Allergic asthma occurs when the immune system becomes intolerant toward aeroanti-
gens such as pollen, household dust mites or animal hair, and is characterized by type 2
airway inflammation.[2]. During an asthma exacerbation, dendritic cells phagocytose air-
borne allergens and migrate to the lymph nodes where they present allergen to naive T
cells, stimulating their differentiation to CD4+ Th2 cells. Simultaneously, lung epithelial
and tuft cells produce alarmins such as thymic stromal lymphopoietin (TSLP), IL-25 and
IL-33, which contribute to the differentiation and activation of Th2 cells and type 2 innate
lymphoid cells (ILC2). These cell types then produce IL-4, IL-5, IL-9 and IL-13, as well as

other cytokines, which further promote type 2 inflammation, shown in Figure 1 [2,5].

Type 2 inflammatory cytokines contribute to allergic lung inflammation in several different
ways. IL-4 and IL-13 stimulate B cell class switching to IgE-producing plasma cells, and
the binding of IgE to the FceRI on the lung basophils and mast cells stimulates release of
inflammatory compounds. IL-5 mediates eosinophil recruitment to the airways where they
degranulate releasing major basic protein (MBP), eosinophil cationic protein (ECP), and
eosinophil peroxidase (EPO) that damage the lung epithelial cells and stimulate the re-
lease of alarmins in a positive feedback loop [2]. Finally, IL-4, IL-9 and IL-13 also induce
goblet cell mucus production, which accumulates and further contributes to constriction
of the airways shown in Figure 1[2,5]. Shortness of breath is brought on by airway con-
striction, due to both mucous secretion and fluid leakage from inflamed airways. This
leakage happens due to increased vascular permeability mediated by histamine and leu-
kotrienes [2,6]. Long-term persistent inflammation in the lung causes disease chronifica-
tion and remodeling of the airways, which worsens lung condition and significantly affects
quality of life [2].
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Bronchoconstriction
Mucos prodction |

Figure 1. Allergic asthma mechanisms.

When an allergen enters the lower airways, it is sampled by dendritic cells and presented to T cells, which
stimulates their differentiation to Th2 cells and initiation of a type 2 inflammatory reaction. This reaction can
be also stimulated via ILC2s that are stimulated by epithelial signals. Both Th2 cells and ILC2s produce
multiple Type2 inflammatory cytokines that induce the production of IgE, and recruit eosinophils, basophils
and mast cells to the lung. Mediators produced by these cells are responsible for asthma inflammation
mucus overproduction, leading to symptoms of cough, wheeze and airways constriction [own representa-
tion]. Figure created with BioRender.com.

Asthma is a complex multifactorial disease controlled by our genes, lifestyle and the en-
vironment. Though hereditary factors play a major role in asthma development [7], recent
research has demonstrated that environmental factors can also strongly affect asthma
susceptibility, especially when they occur prenatally or during early life. For instance, both
human and mouse studies show that helminth infections [8,9], living on a farm [10-12]
and prenatal exposure to farm bacteria during fetal development [13] are protective fac-
tors against asthma. On the other hand, pre- and postnatal exposure to antibiotics [14—
16], excessively hygienic living conditions [17], C-section delivery [18,19] a westernized
lifestyle [17,20] and several other factors are linked to the increased risk for asthma in
children, shown in Figure 2. The environment in which we develop can either protect

against or increase the risk for having asthma in childhood.
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Figure 2 The impact of the environmental factors during early-life on allergic asthma development
in children.

Maternal exposure during pregnancy to stress, pesticides, antibiotics, air pollution (e.g. nitrogen dioxide
NO2 and particulate matter PM) or smoke is associated with increased asthma risk in children. Protective
factors against asthma during the perinatal time period include breastfeeding, fiber rich food, exposure to
a traditional farming environment and having pets [own representation]. Figure created with BioRen-
der.com.
1.2. The Developmental Origins of Health and Disease hypothesis (DOHaD)

In the mid-80s, Barker observed that maternal malnutrition during the second and third
trimester of pregnancy was associated with increased morbidity and mortality in the next
generation due to coronary heart diseases in adulthood [21]. This led to the Fetal Origins
hypothesis, which states that improper nutrition during fetal development and low birth
weight, could contribute to increased blood pressure in adulthood and/or the induction of
metabolic disorders later in life [22]. Parallels were made to this, by the epidemiologist
David Strachan in 1989, through his work on bacterial exposure in early life and the de-
velopment of allergic diseases. Strachan observed that a larger family size was associ-
ated with a lower risk of allergic rhinitis during childhood [23]. Bach et al. (2002) indirectly
confirmed this correlation when they reported that an observed decrease in incidence in

infectious diseases from 1950-2000 was accompanied by an increased incidence in
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allergic diseases [24]. In their pursuit to discover the mechanisms behind this correlation,
Romagnani et al. (2004) proposed that bacterial exposures in early life could potentiate
Th1 cells to suppress Th2 immunity[25], whereas Yazdanbakhsh and Wills-Karp (2001)
proposed that the decreased bacterial exposure in early life (for instance, due to a small
family size) could affect tolerance mechanisms by reducing regulatory T helper cell (Treg)
populations and the production of the cytokine interleukin (IL)-10 [17,26]. Eventually, the
Fetal Origins and Hygiene hypotheses provided the basis for the Developmental Origins
of Health and Disease (DOHaD) hypothesis, which postulates that exposure to environ-
mental factors during the fetal and neonatal time periods can positively or negatively af-
fect immune system development and contribute to disease susceptibility in later life [27—
29].
1.3. Antibiotic use during pregnancy and offspring asthma risk

Since the development of the first antibiotic called Salvarsan in Paul Ehrlich’s lab 100
years ago, the human life span has increased by an average of 23 years [30]. Antibiotics
can be chemically synthesized as well as naturally produced by different bacteria and
fungi, and the 25 clinically used antibiotic classes work either by stopping growth (bacte-
riostatic antibiotics) or by killing the bacteria (bactericidal antibiotics). According to the
global antibiotic consumption report 2021, the global antibiotic consumption rate was 14.3
doses per 1000 population per day in 2018. This was accompanied by a 46% increase in
antibiotic use between 2000 and 2018. These numbers indicate that antibiotics are being
overprescribed, which could have long-term consequences for global health [31].
Pregnant women are more susceptible to infection due to hormonal changes and physi-
ological alterations designed to prevent the rejection of the allogenic fetus [32]. As a re-
sult, antibiotic use during pregnancy is very common, with 8 out of 10 prescriptions written
for antibiotics, and approximately 25% of pregnant women receiving at least one antibiotic
course during pregnancy [33,34]. Epidemiological studies have linked the use of antibiot-
ics during pregnancy with increased susceptibility towards asthma and allergic diseases
in children. Initial human cohort studies, in the UK [35] and Denmark [36] drew attention
to the correlation between prenatal antibiotic exposure and increased asthma prevalence
in children. These initial studies were followed by many others, and while the majority of
studies linked antibiotic use during pregnancy with the increased asthma risk in children
[37—-44] some studies attributed this risk to an increased maternal propensity for infections
rather than to antibiotic use itself [45]. Other researchers implied that the observed in-

crease in asthma risk was due to confounding by factors shared by siblings [38,46].
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The use of mouse models is an ideal approach to confirm the epidemiological evidence
for prenatal antibiotic exposure and asthma susceptibility, as they enable the study of
underlying mechanisms and disease pathology. Earlier animal work showed that treat-
ment of mice with the antibiotic vancomycin during pregnancy and lactation, as well as
treatment of the offspring, resulted in increased asthma severity [47,48]. However, though
the importance of this work is clear, there was still a need for a model to causally link
maternal antibiotic use that occurs only during gestation with increased offspring asthma
risk.

1.4. Early life intestinal colonization and immune system development
Infants are first exposed to intestine colonizing bacteria during birth, via the transfer of
the maternal intestinal and vaginal flora [49]. Vaginal delivery supplies the infant gut mi-
crobiota with many facultative anaerobic bacteria, for instance from the genera Esche-
richia and Staphylococcus. These bacteria contribute to the intestinal environment in a
manner that facilitates further colonization by anaerobic organisms such as Bac-
teroides and Bifidobacterium [50]. Finally, breastfeeding and environmental exposures
further contribute to diversification and fortification of particular bacterial clades in the

infant intestine [51].

The maturation of the intestinal microbiota takes approximately three years in humans
[52,53]. During this sensitive period, the relative abundance of different bacterial species
and their diversity can be affected by environmental changes that can have a long-term
impact on gut microbiome composition for (for example: visiting day care, diet or antibiotic
use)[54-56]. During early life, the type and composition of bacteria encountered in the
intestine during particular developmental stage “the windows of opportunity” contributes

significantly to immune system development and disease susceptibility later in life [28].

The healthy mature intestinal microbiota is composed of approximately 2,000 bacterial
species totaling up to 10*2 bacteria[57] These bacteria provide the body with many crucial
services including: fiber digestion, prevention of intestinal infections and maintenance of
the intestinal barrier, thus contributing to overall health and gut homeostasis [58]. Addi-
tionally, bacterial colonization of the neonatal gut is essential for proper immune system

function [59] and can alter the developing neonatal immune system in the following ways.

1) Direct interaction of intestinal immune cells with gut bacteria.: For example, induction

of RORyt T cells by segmented filamentous bacteria [60] or tolerogenic priming of den-

dritic cells by Clostridium leptum [61,62].
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2) Indirect immune stimulus via exposure to bacterial components. For example, expo-

sure to polysaccharide A can protect against gut inflammation by stimulating IL-10 pro-
duction by T cells [63], and exposure to sphingolipids from anaerobic bacterial mem-
branes has been shown to reduce the invariant natural killer T cell population in the colon
and protect against the colitis [63]. In addition to this, lipopolysaccharide (LPS) from gram-
negative bacteria induces the differentiation of naive Th cells into IL-17 producing RORyt+
T helper 17 (Th17) cells that activate cytokine production by dendritic cells and monocytes
[64,65]. Finally, released bacterial DNA (5'-cytosine-phosphate-guanine-3' or CpG) in the
intestine can promote B cell activation and Th17 cell differentiation while preventing the
differentiation of Tregs [66,67].

3) Indirect effects on the immune system through the production of metabolites. The gut

microbiota is known for its ability to transform nutrients into metabolites, which subse-
qguently have a broad impact on human health [68]. For instance, SCFA production from
indigestible dietary fiber enhances tolerance mechanisms in the immune system. Butyr-
ate can stimulate the differentiation of naive T cells into Tregs [69] , potentiate proliferation
of type 1 and 3 innate lymphoid cells (ILC1s and ILC3s), suppress proliferation of type 2
ILCs (ILC2s) and attenuate the migration and activation of the eosinophils [70-72]. In
addition to this, both propionate and butyrate were found to activate intrinsic apoptosis
pathways in eosinophils, and acetate was shown to increase Treg populations in the co-
lon in a GPR43 dependent manner [73]. Finally, SCFAs can suppress the immune re-
sponse via inhibition of histone deacetylase (HDAC) enzymes. This leads to inhibition of
IL-8 production, and ILC2 proliferation at the same time supporting the generation of the
immunosuppressant lymphocytes such as Tregs and Bregs [74—76].

The gut microbiota plays a major role in homeostasis and overall health, such that alter-
ation of microbiota composition, called dysbiosis, can detrimentally affect individual health
[77]. Gut dysbiosis in early life can disturb the maturation of secondary intestinal lymph
structures (e.g., Peyer’s patches and the germinal centers)[78] and it can also change
the migration and homing behavior of gut leukocytes such as eosinophils, ILCs and T
helper cells (TH cells) [79,80].

1.5. Gut dysbiosis in early life and offspring asthma development: The gut-
lung axis.

Though links between the gut and lung have been reported for over 20 years, the gut-

lung-axis is just beginning to be intensely studied [81]. Using 16sRNA gPCR and next
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generation sequencing techniques, researchers have identified characteristic differences
in gut bacterial clades between asthmatic and healthy children. Asthmatic children exhib-
ited in their gut higher abundances of Escherichia and Enterobacteriaceae, and lower
abundances of Bifidobacterium, Blautia, Clostridium, and Ruminococcus, [82,83]. By ex-
amining the gut microbiota of children exposed to antibiotics perinatally, one can see the
similarities with the microbiota profile detected in asthmatic children (low abundance of
and Bacteroides, Bifidobacterium, Roseburia, Ruminococcus, and high abundance of the
Proteobacteria, Enterobacter, Escherichia-Shigella, and Enterobacteriaceae) [84,85].

Despite the knowledge gained from epidemiological studies, the link between the gut mi-
crobiota and asthma development remained unknown. To examine the mechanisms in-
volved, Russell et al. (2012) designed the first mouse model, in which pre- and postnatal
treatment of mothers and their offspring with the antibiotic vancomycin resulted in deple-
tion of gut bacteria in the phylum Firmicutes, such as Lachnospiraceae, Ruminococca-
ceae and Clostridiales, accompanied by increased asthma severity in the offspring [47].
Deeper analysis of the gut microbiome in this model revealed an enrichment of the En-
terobacteriacae in fecal samples from dysbiotic offspring, accompanied by a reduction in

alpha diversity [16], which was later also reported in human cohort study [85].

Though this model provides proof of concept for perinatal (maternal and offspring) expo-
sure to antibiotics and increased asthma severity, the question regarding how maternal
antibiotic use during pregnancy influences offspring asthma outcomes remains to be
answered. Additionally, though existing mouse models have made a connection between
gut microbial dysbiosis in early life and increased asthma severity, the mechanisms con-
tributing to this phenomenon as well as the connection between the gut and the lung

remained poorly understood.

In summary, despite the knowledge gathered from human cohorts and mouse models,
there is still little information regarding how antibiotic use during pregnancy affects the
gut microbiome of mother and offspring, and how gut dysbiosis in early life alters immune

tolerance mechanisms such that the offspring are more susceptible to asthma.

1.6. Objectives
The aim of this dissertation is to utilize a series of mouse studies to answer the open
guestions mentioned above through achieving the following objectives.
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Objective 1: Mouse model establishment and proof of concept. Antibiotic use during preg-

nancy and increased asthma severity in the offspring.

Aims are:

To establish a mouse model for studying the effects of 3 different concentrations
of prenatal antibiotic treatment on pregnancy and on asthma severity in offspring.
To establish and assess asthma-related inflammatory parameters, including histo-
logical inflammation score, bronchoalveolar lavage (BAL) differential cell counts,
serum antibodies titers and cytokine levels.

To preliminarily analyze the gut microbiota of both mothers and offspring.

To measure SCFA concentrations in the offspring caecum.

Objective 2: Antibiotic Treatment During Pregnancy model - Immune phenotyping of the

offspring gut-lung axis and assessment of airway reactivity

Aims:

Examine the effect of prenatal antibiotic use on airway reactivity in offspring
Perform deep analysis of the transfer of gut dysbiosis from mother to offspring

Examine the dysbiosis impact on maternal intestinal physiology and breast milk
composition during lactation.

Examine the dysbiosis impact on offspring gut barrier integrity and inflammation.
Immunophenotype the offspring gut, blood and lung in early life and after asthma

induction (adulthood) to assess immune system development.
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2. Methods

2.1. Objective 1: Mouse model establishment and proof of concept. Antibiotic
use during pregnancy and increased asthma severity in the offspring.
2.1.1. Animals

Twelve-week-old BALB/c mice were obtained from Janvier Labs (Le Genest-Saint-Isle).
All mice were housed in specific pathogen-free conditions (SPF) under 12/12-hour
day/night cycles, with food and water provided ad libitum. All animal experiments were
approved and performed following the local German guidelines and authorities
(Landesamt fur Gesundheit und Soziales; LAGeSo).

2.1.2. Experimental design

To establish this proof-of-concept model, mouse mating was performed by pairing three
females with one male, and the formation of a vaginal plug after mating was considered
gestation day (G)O0. Daily from G8-G17, pregnhant mice were fed a 40 ul mixture orally via
micropipette, containing 25 pl of freshly prepared vancomycin (Sigma-Aldrich) dissolved
in water (for a total concentration of 10, 20 or 40 mg/kg), plus 15 pl ORA-Sweet (Perrigo).
Control animals received 25 pl water plus 15 ul of ORA-Sweet. Mice were assessed vis-
ually to confirm consumption of the entire dose before being returned to the cage. Proto-
col shown in Figure 3.

Offspring were born, then at postnatal day (PN)21 female offspring were weaned and
subjected to an experimental asthma protocol, consisting of subcutaneous (SC) injection
of ovalbumin (OVA) VI (10 pg in 200 pl) (Sigma-Aldrich) on PN21, PN28 and PN35. This
was followed by an aerosol challenge with 1% nebulized OVA V (Sigma-Aldrich) for 20
minutes on PN46, PN47 and PN48. At PN49 mice were sacrificed after a lethal dose of
200 mg/kg ketamine (Merial) and 30 mg/kg xylazine (VMD Livestock) for asthma pheno-
type analysis (Figure 3).
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Figure 3. Experimental design - Establishment of an antibiotic treatment during pregnancy model
that results in increased offspring asthma severity

Mice were mated, then from G8 to G17 pregnant animals were treated orally either with vancomycin (10,
20 or 40 mg/kg) or water. Female offspring were weaned at PN21, then subcutaneously sensitized with
OVA at PN21, PN28 and PN35. At PN46, PN47 and PN48, mice were challenged with OVA aerosol and
then at PN49 they were sacrificed for tissue analysis [own representation]. Figure created with BioRen-
der.com.

2.1.3. Asthma phenotype analysis

2.1.3.1. Serum collection

Blood samples were obtained from the retro-orbital sinus of lethally anaesthetized ani-
mals and left to clot at room temperature for one hour. Following this, the samples were
centrifuged at 2000 revolutions per minute (rpm) for 10 minutes and the resulting serum

was divided into aliquots and stored at -80°C for subsequent analysis.

2.1.3.2. Bronchoalveolar lavage (BAL) collection and cytospin preparation

To collect BAL, a 20G safety cannula (Vasofix) was inserted through a tracheotomy and
the lung was washed once with 1 ml of cOmplete Protease Inhibitor Cocktail (Roche),
prepared with one tablet in 50 ml of phosphate buffered saline (PBS — Gibco). Following
this, BAL cells were counted using a Neubauer Chamber (Hecht Assistant), then centri-
fuged at 350xg at 4°C for 10 minutes. The resulting supernatant was stored at -80°C for
subsequent analysis. To prepare cytospins, the cell pellet was resuspended in 1 ml of
PBS / 1% bovine serum albumin (BSA — Sigma) and two cytospins were prepared by
mixing 100 pl of the cell suspension with 300 pl of PBS and centrifuging them onto Super
Frost Plus slides (R.Langenbrinck) with a Cytospin Il centrifuge (Tharmac) at 700 rpm
for 5 minutes. After drying at room temperature for 24 hours, cells were stained using a
Differential Quik Stain Kit (Polysciences) according to manufacturer’s instructions and

200 leukocytes were counted in a blinded manner.

2.1.3.3. Lung histology and quantification of inflammation

Following the BAL procedure, the lungs were fixed using 4% formalin. After 24 hours at
room temperature, the fixed lungs were embedded in agar (Merck) and sliced into 2 cm
thick sections using the device shown in Figure 4, before being embedded in paraffin. 4
pm sections were cut and stained using periodic acid-Schiff (PAS) or hematoxylin and

eosin (H&E) staining.

Next, lung leukocyte infiltration and goblet cell mucous production were quantified using
the meander random sampling tool in the newCAST software (Visiopharm). This was

done by superimposing 100 random squares with a grid of lines and cross symbols over
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the image. Points of inflammation (PI) or points of goblet cells (PG) were counted when
a cross symbol intercepted a leukocyte or goblet cell, respectively. The lines of goblet
cells (LG) or non-goblet cells (LnG) were counted depending on whether a line crossed
the bronchial epithelium. If a line crossed a blood vessel, it was considered a line blood
vessel (LV). Using these counts and the equations mentioned in Figure 4, the normalized
volume of inflammation (Vol. Inf), number of goblet cells (Nu. G) and volume of goblet

cells (Vol. G) were calculated cells (Vol. G) were calculated.

Figure 4. Lung cutting device
and equations used for lung in-
flammation quantification.

Vol. Inf=(ZP1)x9.395/(ZLG+ZLV)  The lung was embedded in agar

Nu.G=(£LGx100)/(ELG+ELnG) a_nd th_en cut into_ 2.cm thick sec-
tions in the device via inserting

Vol. G=(ZPGx9.395)/(ZLG+ILnG) plades in the openings. After cut-
ting, the lung was embedded in
paraffin and 4 um sections were
prepared for PAS and HE staining
[own representation].

lung cutting device (©Verena Michl)

2.1.3.4. Antibody measurement via enzyme-linked immunosorbent assay (ELISA)

A sandwich ELISA method was used to measure the concentrations of total immuno-
globulin (Ig)G1, OVA-specific IgG1, OVA-specific IgE and IgA. To measure total IgG1, a
Nunc MaxiSorp plate (BioLegend) was coated with 50 pl of 0.5 mg/ml anti-lgG1
(Pharmingen) and incubated for 2 hours at room temperature. The plate was then washed
with wash buffer (PBS plus 1% tween-20 (Sigma)) and blocked with 150 pl of PBS plus
1% BSA for 2 hours. Serum samples were diluted 1:10000 in PBS and an IgG1 standard
series (250 — 1.95 ng/ml, Pharmingen) was prepared using the wash buffer. Next, 50 pl
of the diluted sample or standard was added to the plate and incubated overnight at 4°C.
After washing, 50 ul of biotinylated anti-mouse IgG1 (2.5 pg/ml, Pharmingen) was added
to the plate and incubated for 2 hours at room temperature. After washing, 50 ul of 0.1
pg/ml streptavidin peroxidase (Sigma) was added and the plate was incubated for 30
minutes in the dark at room temperature. After a final wash, 100 ul of tetramethylbenzi-
dine (TMB, Sigma) was added to the plate and the reaction was stopped with 50 pl of 2M
sulfuric acid (Sigma) then measured at 450 nm on the plate reader Infinite® 200 PRO

(Tecan).
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OVA 1gG1 and OVA IgE measurements were performed the same as previously de-
scribed with the exception that the plate was coated with 50 pl of 20 mg/ml OVA VI
(Sigma) diluted in coating buffer (NaHCO3 8.4 g/l) with a dilution factor of 1:50,000 for
OVA IgG1 and 1:1,000 for OVA IgE. Standard series were prepared using anti-OVA IgG1
(500 — 3.90 ng/ml, Sigma) or anti-OVA IgE (2,000 — 1.56 ng/ml, Serotec). Next, diluted
samples were added and incubated overnight at 4°C. After incubation, 50 pl of biotinyl-
ated anti-mouse antibodies IgG1 or IgE (0.5 mg/ml, Pharmingen) were added, and the

procedure was continued as documented for total IgG1.

The IgA ELISA was performed in the same manner as above; however, the Nunc Max-
iSorp plate was coated with 100 pl of anti-lgA antibody (1 pg/ml, Southern Biotech) then
was blocked using 2% BSA for 2 hours. A 50 pl standard series was prepared using the
IgA standard (BD) (2000 — 0.91 ng/ml) and loaded to the plate alongside 50 pl of diluted
samples (milk 1:7000, feces 1:2000 and serum 1:800). After incubating the plate for 2
hours and washing, 50 pl of secondary antibody (Abcam) was added. Lastly, the plate

was washed and the substrate ABTS was added and measured at 405 nm wavelength.

2.1.3.5. Cytokine measurement

Cytokines from BAL, serum and sorted lung ILC2s were analyzed using a mouse 23-plex
Luminex kit (Bio-Rad) according to the manufacturer’s instructions. Cytokines measured
included: IL-1a, IL-183, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13,
IL-17A, Eotaxin, Granulocyte colony-stimulating factor (G-CSF), Granulocyte-macro-
phage colony-stimulating factor (GM-CSF), Interferon gamma (IFN-y), Keratinocyte
chemoattractant (KC), Monocyte Chemoattractant Protein-1 (MCP-1), Macrophage In-
flammatory Protein-1 Alpha and beta (MIP-1a and MIP-1pB), Regulated upon Activation,
Normal T cell Expressed, and Secreted (RANTES), Tumor necrosis factor (TNF-a). In
short, the standard series was prepared using standard diluent, then 50 pl of magnetic
beads were added to each well. Standards or samples (50 pl) were added to the plate
and incubated in the dark for 30 min at room temperature. After washing, 25 pl of detec-
tion antibodies were added and incubated at room temperature for 30 min, then the plate
was washed and incubated for 10 minutes with 50 pl of streptavidin-phycoerythrin. After
washing, the samples were resuspended in 125 pl of assay buffer and measured on a

Bio-Plex Multiplex Immunoassay System (Bio-Rad).
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2.1.3.6. Airway reactivity assessment

To measure airway reactivity, a FlexiVent device (Scireq) was used. Mice were anaes-
thetized intraperitoneally (IP) with 100 pl of 10 mg/ml, ketamine (Merial) und 1 mg/mL
Xylazin (VMD Livestock), and involuntary breathing was stopped by IP injection of 100 pl
of 2 mg/ml Pancuronium IP (Insra) diluted 1:10. Airway reactivity was measured via tra-
cheotomy with increasing concentrations of methacholine (0.625, 1.25, 2.5, 5, 10, 20, 40,
80 mg/ml — Sigma) using the parameters shown in Table 1. The “Forced Oscillation Tech-
nigue” was performed at a 2.5 Hz ventilation rate to measure airway resistance and com-
pliance, according to the manufacturer’'s manual. Data of the Newtonian resistance (Rn),
compliance (Crs) and elastance (Ers) of the respiratory system were exported and ana-
lyzed. Only measurements with a coefficient of determination (COD) of over 0.9 were
accepted.

Table 1: FlexiVent presetting and script for the airway reactivity test.
[Established in Dr. Markus Mall lab].

Min Max
X1 Peyl -80.0 cm +80.0 cm
(Cylinder pressure) | H20+- 5 cmH20 | H20+- 5 cmH20
Channel
calibration Pao -80.0 cm +80.0cm
(Aiway opening | o045 cmH20 | H20+- 5 cmH20
pressure)
Perturbation Deep inflation
Ru >2000 cm
o (Shunt resistance) H20.s/ml
Tube calibration _
Perturbation Snap-Shot-150
Rt <0.5cm
(Tube resistance) H20.s/ml

Methacholine challenge script

Nebulizer 3 sec
SnapShot-150/ Quick Prime-3 12 cycles
Deep Inflation 2 times

2.1.4. Gut microbiome analysis through quantitative polymerase chain reaction
gPCR
Sample collection and preparation

For assessment of the fecal microbiome, fecal pellets were collected from mothers and
their offspring at the following time points: mothers — before mating, at G17 and at wean-
ing (PN21), and offspring at weaning and after asthma induction at PN49. Feces was

snap-frozen in liquid nitrogen and stored at -80°C. gPCR was performed in collaboration
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with Dr. Markus Heimesaat’s lab according to the following protocol. Samples were re-
constituted in 400 pl of sterile PBS, then homogenized by adding 25 ul of 20 mg/ml lyso-
zyme (Sigma) and incubated on a Thermos-shaker (Biosan) for 30 min at 37°C. Each
sample received 20 pul of Proteinase K (20 mg/ml, Roth) and 400 pl of lysis buffer (10 mi
0.1 M Tris HCI + 15 ml 1.0 M NaCl + 20 ml 0.1 M Ethylenediaminetetraacetic acid (EDTA)
+ 5 ml 10% sodium dodecyl sulfate (SDS)), then the mixture was incubated with shaking
for 60 min at 56°C on the Thermos-shaker. After enzymatic and chemical decomposition
was accomplished, 300 mg of zirconium beads (OPS Diagnostics) and 150 pl of phenol
(Roth) was added, then mechanical decomposition was performed using a Speed Mill
(Analytik Jena) (2 X 40 seconds).

16s rRNA gPCR — DNA extraction, precipitation, purification and titration.

Digested fecal samples received 150 pl of chloroform-isoamyl alcohol (24:1, Roth) and
after centrifugation, the clear top phase was transferred into a new tube and the proce-
dure repeated. To precipitate the DNA, 100 pl of precipitation solution (0.1M EDTA + 3M
Na acetate + 20 mg/ml glycogen + 1.3 ml 100% ethanol) was added, then samples were
stored at -20°C until further analysis. Later, samples were centrifuged for 30 min at 13000
rom at 4°C and the supernatant was discarded. Pellets were dried using a Speed Vac
centrifuge (Heraeus) for 15 min, then resuspend in 100ul of sterile distilled water. This
solution was shaken for 10 minutes, then purified using a QIAquick PCR Purification
Kit (Qiagen) according to manufacturer’s instructions. DNA concentration was assessed
using a Quant-iT PicoGreen ds DNA assay kit (Invitrogen), and samples were equilibrated

to a final DNA concentration of 5 ng/ul with distilled water.

gPCR analysis of fecal microbiota

The following bacterial clades — Bifidobacterium, Bacteroides—Prevotella, Clostridiumcoc-
coides—Eubacterium rectale, Clostridium leptum, Enterococcus, Gammaproteobacteria/
Enterobacteriaceae, Lactobacillus and Staphylococcus — were analyzed in feces samples
using PCR-based denaturing gradient gel electrophoresis (PCR-DGGE). Briefly, the DNA
was first amplified using a thermocycler and then cloned in a liquid culture medium
through the plasmid-based TOPO-Cloning technique (Invitrogen) with the primers listed
in Table 2. DNA of the standard bacteria and samples was normalized to a concentration
of 1 ng/ul, then a series of 10-fold dilutions (ranging from 2108 to 2.108 copies) of the
standard bacteria was prepared to create a standard curve. The Quant-iT PicoGreen

dsDNA assay kit (ThermoFisher) was used, and each sample was mixed with 20 pl of the
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master mix and subjected to the amplification program, specified in Table 3. Cycle thresh-
old (CT) was set as depending on the eubacterial V3 amplicon (Eub) and the frequencies
of each group were determined by calculating the proportion of each bacterial strain com-
pared to the Eub. The analysis was done by using the established genetic fingerprints
shown in [86].

Table 2: Primer sequences for fecal microbiota analyses.
[Established in Dr. Markus Heimesaat lab].

Primer Specificity Forward Reverse
sequence (5'-3') sequence (5-3')
Universal Domain CGGTGAATACGTTCCCGG TACGGCTACCTTGTTACGACTT
Bacteria
Bifidobacterium Genus CGGGTGAGTAATGCGTGACC TGATAGGACGCGACCCCA
Bacteroides—Prevotella Group GGTGTCGGCTTAAGTGCCAT CGGACGTAAGGGCCGTGC
Clostridiumcoccoides— Group AGTTT(C/TATTCTTGCGAACG AGTTT(C/T)ATTCTTGCGAACG
Eubacterium rectale
Clostridium leptum Subgroup GCACAAGCAGTGGAGT CTTCCTCCGTTTTGTCAA
Lactobacillus Group AGCAGTAGGGAATCTTCCA CGCCACTGGTGTTCYTCCATATA
Enterobacteriaceae Genus CATTGACGTTACCCGCAGAAG CTCTACGAGACTCAAGCTTGC
Enterococcus Genus CCCTTATTGTTAGTTGCCATCATT  ACTCGTTGTACTTCCCATTGT
Staphylococcus Genus ACGGTCTTGCTGTCACTTATA TACACATATGTTCTTCCCTAATAA
Mouse Intestinal Genus CCAGCAGCCGCGGTAATA CGCATTCCGCATACTTCTC
Bacteroides

2.1.5. Short-chain fatty acid (SCFA) analysis
Analysis of SCFAs were performed in collaboration with the Department of Gastrointesti-

nal Microbiology at the German Institute of Human Nutrition (Potsdam-Rehbruecke) and
with the company Microbiome Insights Inc (Vancouver). Analysis of acetate, propionate,
butyrate and valerate in mouse feces, cecum and breast milk was performed by using
gas chromatography. Briefly, samples were diluted, centrifuged and mixed with an inter-
nal standard (2-ethyl butyric acid), 0.36 M HclO4 and 1 M NaOH before overnight lyoph-
ilization. The samples were then redissolved with 400 pl of acetone and 5 M of formic
acid, centrifuged and 1 ml of the supernatant was injected into an HP 5890 series Il gas
chromatograph (Hewlett-Packard) equipped with an either HP-20 M column (BGB ana-
lytic) or Thermo TG-WAXMS A GC and a flame ionization detector (FID).

Table 3: PCR Protocol for gPCR analysis of fecal microbiota samples.
[Established in Dr. Markus Heimesaat lab].

Material (concentration) Amount Vendor
AmpliTag DNA polymerase (2.5 IU/ml) 0.4 ul Applied Biosystems
Aqua Dest 12.6 pl Sigma-Aldrich
Bovine serum albumin (20 mg/ml) 0.1 ul Fermentas
Buffer I (10X) 2 ul Applied Biosystems
MgCI2 (25 mM) 2 ul Applied Biosystems
PCR nucleotide mix (10 mM dNTP) 0.4 ul Roche
Sample DNA extract (1 ng/ul). 2l
Specific primer (30 mM) 0.4 ul Tib MolBiol
SYBR Green | (1:200 dilution) 0.1 ul Invitrogen
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Step

Initial denaturation
40 cycles
Annealing
Elongation

Fluorescence acquisition

Melting curves

Amplification thermocycles

Temperature Time
95°C 2 min
20 10s
60°C 10s
72°C 30s
80°C End of a cycle

60°C to 95°C rate of 0.058C/s

2.2. Objective 2: Model replication and immune phenotyping of offspring gut,

blood and lung

2.2.1. Experimental design

Next, the antibiotic treatment model was repeated for deep assessment of the effect of

antibiotic treatment during pregnancy on 1) The transfer of gut dysbiosis from mother to

offspring. 2) Maternal intestinal growth and breast milk composition at PN15. 3) the im-

mune system development along the gut-lung-axis in early life and after asthma induction

4) The gut barrier integrity. Pregnant mice were treated with the dosage 20 mg/kg vanco-

mycin, as described in section 2.1.2. At PN15, breast milk and maternal intestines were

collected, in addition to offspring blood, intestine and lung, shown in Figure 5. In a second

group of animals, offspring were subjected to the OVA asthma induction protocol detailed

in section 2.1.2. Feces were also collected from mothers and offspring at the time points

mentioned in model establishment section (Figure 5).

Vancomycin
20 mg/kg

AHR test
0 - //a
}" ) N BAL cytospin

: o ”‘./ IgG1+ IgE ELISA
3X OVA &
aerosol | \

B

|
. Microbiota seq
SCFA analysis

Plu Treatment 2.Prep ) Lipocallin-2 and
e i ——— HHH— AN
G0 ©8 617 PN21 PN28 PN35 PN49 2 .

Age /Day 25 e
= ]
< O :
23
w8
o
<

Data analysis
—

Forward light scatter (FSC)

Figure 5. Experimental design for the Antibiotic Treatment During Pregnancy model: mechanism
assessment.
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Vancomycin (20 mg/kg) was administered to pregnant mice from G8-17, control mice received water. On
PN15, one group of mothers and offspring were sacrificed, and maternal milk, blood and intestine samples
were harvested as well as offspring blood, intestine and lung. An additional group of offspring was subjected
to an asthma protocol starting from PN21 consisting of SC sensitization with OVA at PN21, PN28 and PN35
and OVA challenge at PN46, PN47 and PN48. The offspring were either subjected to airway reactivity test
or euthanized on PN49 for analysis of blood, intestine and lung [own representation]. Figure created with
BioRender.com.

2.2.2. 16S rRNA gene amplicon sequencing

To perform a deeper analysis of maternal and offspring gut microbiome changes, col-
lected fecal samples were sequenced using 16S rRNA sequencing (Microbiome Insights).
The process involved creating cDNA from the sample using a PowerSoil for King-Fisher
kit (MO Bio) and amplifying targeted gene fragments of the 16S ribosomal RNA (16S
rRNA) of the V4 region using coded primers (fwd: GTGCCAGCMGCCGCGG-TAA, rev:
GGACTACHVGGGTWTCTAAT). The amplicons were then sequenced using the MiSeq
2000 bi-directional Illumina and the library was prepared using the TruSeq DNA Sample
Prep v2 Kit (Illumina). The quantity and quality of the DNA were checked with Qubit (Ther-

moFisher).

The Operational Taxonomic Units (OTUs) were clustered at 97% similarity using the soft-
ware MOTHUR [87], resulting in 8631 OTUs from 31554 quality-filtered reads. The reads
were classified using the Greengenes v. 13_8 database and the relative abundance of
the most abundant OTUs was plotted at each taxonomic rank. Any duplicates of chloro-
plast, mitochondria and archaea were removed, alpha diversity was determined using the
Shannon index and beta diversity was determined using Bray/Curtis indices (visualized
as a Principal component analysis (PcoA) to show the differences between samples).

Only OTUs with a count of more than 3 in 10% of samples were used for the test.

2.2.3. Murine milk collection and analysis

A breast milk collection protocol was adapted from Gémez-Gallego et al [88]. In brief,
PN15 offspring were separated from their mothers for a period of 6 hours to allow the
accumulation of milk. The mothers were anesthetized using an IP injection of 150 pl of
10 mg/ml ketamine (Merial) und 1 mg/mL Xylazin (VMD Livestock), then 1 1U/50pul oxyto-
cin (Sigma) was injected SC to stimulate milk secretion. Using a human breast milk pump
and a custom-built, vacuum-sealed collection device (Charité Facilities Management)
shown in Figure 6, it was possible to collect between 500 pl and 1000 pl of milk. After
collection, samples were centrifuged for 20 minutes at 1500xg, then the upper fat layer
was collected for SCFA measurement (detailed in Section 2.1.5) and the middle layer
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was collected for cytokine measurement using a 23-plex Luminex assay (Bio-Rad) de-
tailed in Section 2.1.3.5 and IgA antibody measurement using ELISA, detailed in Section
2.1.3.4.

Figure 6. Milk pump design.

Lactating mother mice were anaesthetized, then,
oxytocin was SC injected 5 min before the proce-
dure to stimulate milk secretion. Breast milk was
then harvested using the milk pump and a special
collector manufactured at the Charité Facility Man-
agement [own representation].

2.2.4. Maternal intestinal tissue collection and analysis

To investigate the changes to the maternal small intestine during lactation at PN15, the
distal part of the small intestine was wrapped in a Swiss roll formation, then fixed in 4%
paraformaldehyde (Sigma) for 6 hours. The tissue was then dehydrated overnight in 30%
sucrose (Sigma) in PBS. After drying the tissue, it was placed in Peel-A-Way embedding
molds (Sigma) filled with optimal cutting temperature compound (Sakura) and frozen in a
dry ice/ethanol slurry. Using a Cryostat CM1850 (Leica) the blocks were cut to 7 um

thickness with 100 um space between the sections.

After drying the slides overnight, immunofluorescence staining of the intestinal epithelial
cells was performed. Samples were incubated with antigen retrieval solution (Dako) in a
water bath at 95°C, tissues were permeabilized with 0,5% Triton X-100 (Sigma) and then
non-specific antigen binding locations were blocked using 2% donkey serum (Ther-
moFisher) in PBS. The following primary antibodies were added: Ki-67 (rabbit, Abcam)
and EpCAM (rat, BioLegend) then the following secondary antibodies were used for de-
tection; donkey anti-rabbit (Alexa Fluor 488, ThermoFisher) and donkey anti-rat (DyLight
550, ThermoFisher). 4',6-diamidino-2-phenylindole (DAPI, Sigma) was used to stain the
nucleus. Pictures were taken at 10x magnification Using an Axio Observer 7 light micro-
scope (Zeiss), to measure the villus height and crypt depth 40x pictures were taken for
counting proliferating epithelial cells (Ki-67*). Proliferating epithelial cells were counted
and the height-depth of a villus-crypt were also measured by drawing a line from the
bottom of the crypt to the top of the villus using the software Fiji.
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2.2.5. Offspring intestinal inflammation analysis
2.2.5.1. Lipocalin-2 ELISA
To assess intestinal inflammation in PN15 mothers and their offspring, fecal lipocalin-

concentrations were measured using ELISA. Samples were collected and weighed (as
detailed in Section 2.1.4), then homogenized in 1 ml of 0.05 % Tween/PBS and centri-
fuged at 12000 rpm for 10 minutes. Supernatants were then diluted 1:100 and measured
using a LEGEND MAX™ mouse NGAL (Lipocalin-2) ELISA kit (BioLegend) according to

manufacturer’s instructions.

2.2.5.2. Intestinal permeability assay with FITC-Dextran

A FITC-Dextran assay was performed on PN15 and PN49 offspring to investigate the
impact of early life dysbiosis on small intestine barrier integrity. Female PN15 and PN49
offspring from prenatal-antibiotic treated or prenatal-control mothers were fasted for 1.5
hours and then gavaged with 500 mg/kg 4 kDa FITC-Dextran (Sigma). Food and water
were removed after the gavage for additional 1.5 hours (5 hours for adult mice) then ani-
mals were anesthetized, and blood was collected. Serum from these mice was diluted
1:4, then loaded on black 96-well plate. The FITC signal was measured with an Infinite
Pro plate reader at excitation wavelength 485 nm and emission wavelength of 530 nm.

2.2.6. Offspring immunophenotyping

Next, to immunophenotype the PN15 and PN49 offspring intestine, blood and lung sam-
ples were collected and processed, as described in the following sections. Markers used
to identify all described cell populations are shown in Table 4. For all immunophenotyping,
samples were acquired with a Fortessa x20 flow cytometer (BD) and cell populations

were analyzed using the software FlowJo™ (v.9 and 10, BD Life Sciences).

Table 4: Pan cellular markers used to define targeted cells.
[own representation].
Pan cellular markers.

Myeloid cells

Cell type pan marker subpopulations
Basophils CD49b+, FceRla
Dendritic cells CD11c+, MHCII+ CD11b+, CD64+
Eosinophils CD11b+ SiglecF+ CD11c+
Macrophages CD11b hi, Ly6C- CD64+, CD11c¢c-, Siglec F+
Monocytes CD11b hi, Ly6C+ CD64+
Neutrophils CD11b+, Ly6G+
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Lymphoid cells
Cell type pan marker subpopulations
T cells CD3+ CD4+, CD8+
Central memory CD44+, CD62L+
Effector memory CD44+, CD62L-
T helper cells CD4+ T-bett\GATA3+\ RORyt+, Foxp3+
Innate lymphoid cells

Memory T cell CD4+/CD8+,

Cell type pan marker subpopulations
ILCs Lin-, CD127+ ILC1, ILC2, ILC3
ILC1 T-bet+ EOMES +

ILC2 GATA3+ IL17RB, ST2, KLRG1,
ILC3 RORyt+ NKp46, T-bet, CCR6
NK Lin-, CD127-, EOMES +

2.2.6.1. Intestine flow cytometry analysis

Small intestine lamina propria leukocytes were obtained and processed as mentioned in
[89]. In short, the small intestine was extracted, rinsed, cleaned, cut into small pieces and
digested with cell dissociation solution (for composition please see [89]). After digestion,
tissue was smashed using a 70 um cell strainer (Corning) and then washed with Dul-
becco’s modified Eagle medium (Gibco) buffer. Isolated cells were purified via Percoll
gradient (80% plus 40% - Sigma), then washed and resuspended in FACS buffer. After
washing, cells were resuspended in a mixture of antibodies mentioned in Table 5 for 30
minutes, then washed and resuspended in 200 ul of FACS buffer. For intracellular stain-
ing, the Foxp3 kit (eBioscience) was used according to the manufacturer’s instructions.

The gating strategy is shown in Figure 7.

Table 5: Antibodies used in intestinal flow cytometry analyses.
[own representation]

Intestine ILCs panel

Antigen (clone) Fluorophore Dilution factor
CD3e (145-2C11) Biotin 600
CD5 (53-7.3) Biotin 1000
CD19 (MB19-1) Biotin 100
Ly6C/G (RB6-8C5) Biotin 600 Lineage
TCRpB (H57-597) Biotin 200
TCRyd (GL3) Biotin 500
Streptavidin BV650 600
CCR6 (140706) BV421 100
CD4 (L3T4) BUV496 100
CD25 (PC61) PE-Cy7 200
CD45 (30-F11) APC-fire 750 400
CD127 (A7TR34) PE-Dazzle 100
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Eomes (Dan11mag) AF488 100
GATAS3 (L50 823) BUV395 100
IL-17RB(MUNC33) eFluor 660 100
Ki67 (SolA15) AF700 100
KLRG1 (2F1) BV711 300
Live dead Aqua Zombie 1000
NKp46 (29A1.4) PerCp-eFluor 710 100
RORgt (Q31-378) BV786 100
ST2 (RMST2-29 SuperBright 600 100
T-bet (eBio4B10) PE 100
Thy1.2 (63-2.1) BUV737 500
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Figure 7. Small intestine lamina propria flow cytometry gating strategy.

After removing doublets and dead cells CD4+ T cells were gated from Lineage+ cells and checked for the
expression of CD90.2+ (Thyl.2+). CD4+ T cells were separated into the subpopulations T-bet+, GATA3+
and RORyt+ cells. ILCs were defined as Lineage, CD127+, with ILC2s expressing GATA3+, ILC3s express-
ing RORyt+ and further divided into 3 populations (Q1: CCR6-, T-bet+, Q2: CCR6+, T-bet+, Q3: CCR6+,
T-bet-). From the double negative cells, ILC1s were defined as T-bet+. NK cells were defined as Lin-,
Eomes+, NKp46+, T-bet+ and CD127- [90].

2.2.6.2. Blood flow cytometry analysis

Blood samples obtained from the retro orbital sinus of were subjected to red blood cell
(RBC) lysis using RBC lysis buffer (eBioscience). After washing and centrifuging at 350xg
for 5 minutes, cell pellets were resuspended in PBS. Leukocytes were counted with a

Neubauer chamber, and 10° cells were obtained for the staining protocol. First, cells were
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stained with a viability dye (BioLegend) for 30 min at room temperature (RT) then washed
with FACS buffer (PBS, 2 mM EDTA (Corning), 0.2% BSA (SERVA)). For further staining,

cells were stained in the antibody mixture mentioned in Table 6 and then processed as

mentioned in intestinal flow cytometry section. The gating strategy is shown in Figure 8.

Table 6: List of antibodies used in flow cytometry analysis to identify myeloid, lymphoid and effec-

tor T helper cells.
[own representation]

Myeloid cells panel

Antigen (clone)
CD11b (M1/70)
CD11c (N418)

CD64 (B56)
Live-dead dye
Ly6C(HK1.4)

Ly6G (1A8/RB6-8C5)

MHCII (M5/114.115.2)

Siglec F (E50-2440)

Fluorophore
PE-Cy7 or (lung BV711)
AF-488 (lung PE-Cy7)
APC
Aqua Zombie (lung eFlur780)
Pacific Blue (lung PerCP-Cy5.5)
PerCP (lung FITC)
Brilliant Violet 650
PE

Additional antibodies for Lung myeloid cells panel

CD45 (30-F11)
CD49b (DX5)
F4/80(BM8)
FceRla (Mar-01)

Antigen (clone)
B220 (RA3.6B2)
CD3 (17A2)

CD4 (YTS)

CD8 (53-6.7)
CD44 (IM7)
CD62L (MEL-14)
Live-dead dye

Antigen (clone)
CD3 (17A2)
CD4 (RM4-5)
CD25 (PC61)
Foxp3 (FjK-16s)
GATA3 (TWAJ)
Live-dead dye
RORgt (Q31-378)
T-bet (4B10)

AF700
APC
BV510
PB

Lymphoid cells panel

Fluorophore
PerCP-Cy5.5 (B710)
APC-eF780 (R780)

FITC (B530)
Pacific Blue (V450)

PE-Cy7 (YG780)

APC (R670)

Aqua Zombie (V525)
Effector T helper cells panel

Fluorophore

APC-eF780 (R780)
PE-Cy7 (YG780)
Alexa Fluor 488 (B530)

eF450 (V450)
PerCPeF710 (B710)

Aqua Zombie

PE (YG586)

eF660 (R670)

Dilution factor
100
50
50
500
200
50
100
50

200
200
200
200

Dilution factor
100
100
200
100
300
800
500

Dilution factor
100
100
100
400
100
500
100
100
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Figure 8. Blood myeloid and lymphoid cell gating strategy.

(A) After selecting the cells and removing doublets and dead cells, neutrophils were defined as Ly6G+ cells.
From Ly6G- the population, eosinophils were defined as SiglecF+, SSC-A high. From the remaining cells,
MHCII+, CD11c+ dendritic cells (DCs) were detected. After excluding DCs, Ly6C- Monocytes and Ly6C+
monocytes were examined within the CD64+ and CD11b high populations. (B) After excluding the debris
and doublets, viable cells were selected, and lymphocytes were gated using forward and side scatter. T
cells were separated from B cells using CD3 and B220 respectively. CD4+ and CD8+ T cells were investi-
gated for memory cell markers. Q1: CD44+, CD62L- T cells (effector memory cells). Q2: CD44+ CD62L+
T cells (central memory T cells). Q3: CD44-, CD62L+ T cells (naive T cells) [own representation].
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2.2.6.3. Lung flow cytometry analysis

Lungs were extracted, weighed and cut in small pieces, then digested for 1 hour at 37°C
in the following solution (5 mL of RPMI + 5% fetal bovine serum (ThermoFisher) + 1
mg/mL collagenase (Sigma) + 0.02 mg/mL Dnase | (Roche)). Tissue was smashed using
a 100 um cell strainer (Corning) with a syringe plunger (B. Braun) and cells were stained
with the antibody mixture mention in either in Table 6 and 7. From here, cells were pro-
cessed as mentioned in intestinal flow cytometry section. The lung flow cytometry gating
strategy is shown in Figure 9.

Of CD45+ Of SiglecF+ CD11b-
ssoxc] SiglecF+ CD11b- o]
i 2 Alveolar Macrophages
zooK-: B Eosi s 10 "
i osinophils :
5 |sox-; » ; g o _
7 ! A
L 100k= 0d
1 10 3 A
et SiglecF- 10°=
02 1 . L ram o DA B o0 B o
103 3 4 ‘05 1 3 3 105
CD11b CD11c
Of SiglecF- | Ly6G- F4/80+ Ly6C-
' Neutroptnls ‘ ws_; -' r Ly6C+ Inte_rst. Macrophages
3 Mono 3 !
102
2 2" g
4 L e %
: *3 . F4/80+, T CD11c+
Ly6G- °1 Fasso- Ly6C- : Macrophages
""" T = S| Jp— Lisddotid . MiAdiie EEAGAAL LG EAA L B A0 S e ey ey ey ey e
-"'l3 o 10’ 10‘ 10‘ -"13 o ")’ ‘0‘ ‘ns »IOJ L '0: \06
CD11b F4/80 CD11c
: Of F4/80- — OfFceRla+ . Of CD49+, SSC low
’°s-!: 10°% 10°%
o Feahla  CD4gb+, SSClo i
- 0t 10 0
-5- 10°1 . 2 n 3
L‘LJ 102; 8 3= i O 1’
B } .4 Fali ’ : Basophils
) 103 CD49b-, SSChi 0%
O R 1, SN [ eIy I ——
P T w0° 10! 0° 0  SOK 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
CD11b SSC-A SSC-A

Figure 9. Lung myeloid cell gating strategy.

After removal of duplicates and dead cells from CD45+ leukocytes, eosinophils (CD11b+ SiglecF+) were
gated. Alveolar macrophages were defined by the markers CD11b-, SiglecF+, CD11c+ and F4/80+. Ly6G+
neutrophils were gated from the SiglecF- population. Ly6C+ monocytes were gated from Ly6G- population.
Macrophages were defined as Ly6C-, F 4/80+ then were divided into two groups CD11c+ or CD11c- which
represent the interstitial macrophages. Basophils were gated from F4/80-, FceRla+, CD49b+, SSC-A low
and CD45 low [own representation].
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Table 7: List of antibodies used in flow cytometry analysis to identify lung ILC2s.
[own representation]

Lung ILC2s panel

Antigen (clone) Fluorophore Dilution factor
B220 (RA3-6B2) Biotin 1000
CD3 (145-2C11) Biotin 600
CD4 (GK1.5) Biotin 200
CD11b (M1/70) Biotin 1000
CD11c (N418) Biotin 100
CD19 (MB19-1) Biotin 100
FceRI (36951) Biotin 200 Lineage
Gr1 (RB6-8C5) Biotin 600
TCRb (H57-597) Biotin 200
TCRy® (GL3) Biotin 500
TER119 (TER-119) Biotin 600
Streptavidin V500 200
CD45 (30-F11) AF700 200
CD90.2 (53-2.1) FITC 200
CD127 (A7R34) efd50 100
GATA3 (TWAJ) eFluor660 100
KLRG1 (2F1) BV711 500
Live-dead dye eFluor780 1000
RORgt {B2D) PE 100
ST2 (U29-93) BUV395 100

2.2.6.4. Lung ILC2 sorting and cytokine measurement.

To assess ILC2 cytokine production in the lung of allergic offspring, half of the lung was
processed as shown above in the lung flow cytometry protocol, and leukocytes were
stained for ILC2 defining surface markers (CD45, lineage (TER119, B220, CD19, CD11c,
FceRla, TCRp), CD90, CD127, CD25). Cells were sorted using a BD FACSAria. A purity
check was performed for each sample and the sorting gating strategy was performed as
shown in Figure 10. After sorting, 2000 cells were lysed using a cell lysis buffer (Invitro-

gen) and cytokines were measured with Luminex, as described in section 2.1.3.5
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Figure 10. ILC2 sorting strategy.

Lymphocytes were selected based on forward scatter-Aria (FSC) and side scatter (SSC). The process of
removing doublets was carried out in two steps, using FSC-H versus FSC-W and then SSC-H versus SSC-
W. Dead cells were filtered out by utilizing a viability dye and the leukocytes were identified as CD45+. After
excluding cells that were lineage-positive, ILC2s were selected by via the surface markers
CD127+/CD90+/ST2+/CD25+ [own representation].

2.3. Statistical analysis

Data was tested for normal distribution with the Shapiro-Wilk normality test. In the case
of parametric data, one-way ANOVA (in case of multiple groups comparisons) or Stu-
dent’s t-test was performed for comparison of two groups. In the case of non-parametric
data, a Kruskal-Wallis (with Dunnett's multiple comparison test) was applied in case of
multi-group comparisons, and a Mann-Whitney U test was applied for two-group compar-
ison. Outlier analysis was performed using Cook's distance. Statistical tests were per-
formed with GraphPad Prism (V.8 and 9, Dotmatics).
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3. Results
3.1. Objective 1: Mouse model establishment and proof of concept. Prenatal
Antibiotic treatment and increased asthma severity in the offspring.

3.1.1. Model establishment.
To establish a proof-of-concept model for antibiotic treatment during pregnancy and in-

creased offspring asthma risk, we treated pregnant mice daily with vancomycin, corre-
sponding to low, medium and high doses in humans (Figure 11A and B). Pregnant dams
were treated orally with vancomycin mixed with 15ul of ORA-Sweet syrup. All mice con-
sumed the mixture voluntarily, allowing stress free treatment of the animals (Figure 11C).
Fecundity analysis demonstrated that maternal vancomycin treatment did not affect the
litter size or sex proportion of the pups (Figure 11D), however the 20 and 40 mg/kg con-
centrations were associated with lower offspring weight (Figure 11E).
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Figure 11. Establishment of a mouse model for prenatal antibiotic treatment and assessment of

asthma severity in the offspring.

A-B Experimental design and treatment groups. C Oral administration technique D Litter size and male/fe-
male offspring proportion. E Weight of 7-week-old allergic offspring. Means + SEM are shown n>16. Sig-
nificance is represented by *P < .05, **P < .01, ***P < .001, one-way ANOVA or Kruskal-Wallis test com-

paring the control group against 10, 20, and 40 mg/kg vancomycin groups [91].
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When female offspring from vancomycin-treated mothers were exposed to an experi-
mental asthma protocol, they showed a maternal-vancomycin-dose-dependent worsen-
ing of asthma compared to offspring from control mothers. Though no differences were
observed in serum 1gG1, OVA-specific IgG1 or OVA-specific IgE (Figure 12A), lung his-
tology revealed increased inflammation, evidenced by increased eosinophil influx as well
as increased goblet cell percentage and volume in the 20 and 40 mg/kg groups (Figure
12B and C). Analysis of the BAL revealed a significantly higher leukocyte influx, mainly
composed of eosinophils and macrophages (Figure 12D). Regarding BAL cytokines, Alt-
hough the allergic reaction was stronger in the Prenatal-Antibiotic offspring, assessment
of the BAL showed a decrease in 12 cytokines (IL-1b, IL-4, IL-5, IL-9, IL-12p70, eotaxin,
G-CSF, GM-CSF, MCP-1, MIP-1a, MIP-1b and RANTES) in the 20 mg/kg and 40 mg/kg
groups compared to the control (Table 8 [91]).
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Figure 12. Analysis of the asthma phenotype in offspring from vancomycin treated mothers.

A Serum total IgG1, OVA-specific IgG1 and OVA-specific IgE antibodies. B Lung inflammation quantifica-
tion eosinophil number, goblet cell percentage, goblet cell volume. C Representative lung histology images
(Scale bar = 100 um). D Differential cell count in the bronchoalveolar lavage. n>16. Significance is repre-
sented by *P < .05, *P < .01, **P <.001, one-way ANOVA or Kruskal-Wallis test was performed comparing
the control group against the 10, 20, and 40 mg/kg vancomycin groups [91].

Table 8: Measurement of 23 cytokines in the BAL of Prenatal-Antibiotic and Prenatal-Control allergic
offspring.

Means + SEM are shown, control (n >16). Significance is represented by *P < .05, **P < .01, **P < .001
one-way ANOVA or Kruskal-Wallis test with Dunnett's multiple comparisons test were performed [91].

Maternal control Maternal 10 mg/kg Maternal 20 mg/kg Maternal 40 mg/kg
n=18 n=18 n=13 n=16

Concentration (pg/mL) Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)
-1 7.2(0.4) 8.5(0.9) 9.0(0.8) 9.0(1.0)
IL-1p 48.0 (4.9) 36.1(4.0) 22.0(5.3)** 25.4 (5.6)"
IL-2 164.8 (18.1) 6.4(0.4) 6.6 (0.4) 6.8(0.7)
IL-4 165.4 (17.5) 142.9 (16.4) 82.9 (16.9) 145.0 (4.2)
IL-5 164.8 (18.1) 146.2 (11.4) 103.2 (17.2)* 130.7 (13.4)
IL-6 9.7 (2.9) 10.3(1.6) 9.7 (1.6) 8.2(1.4)
IL-9 42.0(6.0) 20.9 (5.5)* 26.4(7.8) 9.7 (4.4)"*
IL-12p40 52.6(4.2) 43.4(2.8) 40.1(3.8) 44.4(4.2)
1L-12p70 12.4(1.0) 11.1(0.7) 7.7 (0.8)** 9.1(1.3)*
IL-13 111.1 (13.4) 83.6(9.3) 81.5(12.1) 92.2(9.6)
Eotaxin 161.6(7.2) 141.0(7.0) 135.6(11.2) 113.0 (16.9)**
G-CSF 8.4(0.8) 7.9(0.9) 5.3(0.9)* 5.5(0.9)*
GM-CSF 10.0(0.6) 8.5(0.3) 6.5 (0.6)*** 3.3(6.5)*
KC 213.2(27.5) 230.8(29.1) 240.7 (34.7) 207.3 (26.5)
MCP-1 28.9 (5.9) 16.2(2.8) 4.7 (3.0)*** 6.1(2.7)**
MIP-1a 9.8(0.9) 9.6 (0.6) 5.1 (0.1)*** 7.7(0.9)
MIP-1p 4.3(0.4) 3.81(0.2) 2.4(0.3)**" 2.6(0.2)*
RANTES 6.5(0.4) 5.8(0.2) 4.7 (0.3 5.3 (0.4)
TNFa 20.9 (1.3) 19.6(1.0) 17.1(1.9) 22.6(4.7)

3.1.2. Examination of the maternal and offspring intestinal microbiota.

After confirming the increased asthma severity in the Prenatal-Antibiotic offspring, we
assessed the mother to offspring transfer of gut microbial dysbiosis by performing gPCR
on collected fecal samples. Treatment with vancomycin resulted in an increase in the total
gut bacterial load in both treated mothers (at G17) and their offspring at PN15 and PN49
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(Figure 13A). This increase in the total bacterial load occurred mainly due to the enrich-
ment of the gram-negative bacteria such as Enterobacteriaceae (Log 4 increase in G17
treated mothers and approximately Log 4 increased in PN15 offspring (Figure 13B), and
Bacteroidetes (Log 2 in G17 treated mothers, and Log 1 in the PN15 and PN49 offspring
Figure 13C). This was accompanied by the depletion of gram-positive bacteria, such as
members of the Clostridium leptum group in both vancomycin treated mothers and their

offspring (Figure 13D).
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Figure 13. Vancomycin treatment during pregnancy results in transfer of gut microbial dysbiosis
from mothers to their offspring.

A Total bacterial load. B y-proteobacteria-Enterobacteriaceae quantification. C Bacteroidetes—Bac-
teroides, Prevotella, and Porphyromonas quantification. D Clostridium leptum quantification. N>6. Signifi-
cance is represented by *P < .05, *P < .01, ***P < .001, one-way ANOVA or Kruskal-Wallis test was per-
formed to compare control group against 10, 20, and 40 mg/kg vancomycin groups [91].

3.2. Objective 2: Prenatal Antibiotic Treatment model - Immune phenotyping
of the offspring gut-lung axis and assessment of airway reactivity

3.2.1. The effect of maternal antibiotic use during pregnancy on airway reactivity
in offspring with allergic asthma.

Next, we repeated the model using a vancomycin dosage of 20 mg/kg to assess the ef-
fects of maternal antibiotic use during pregnancy on allergic offspring airway hyperreac-

tivity. Prenatal-Antibiotic exposed offspring had more severe airway hyperreactivity than
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Prenatal-Control offspring, evidenced by higher Newtonian resistance after challenge
with increasing concentrations of methacholine (Figure 14A). Analysis of BAL leukocyte
composition revealed that offspring from the maternally treated group had a higher num-
ber of eosinophils and lymphocytes (Figure 14B). Assessment of serum antibody con-
centrations showed significantly increased concentrations of OVA-specific IgE, OVA-spe-
cific IgG1 and total IgG (Figure 14C).
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Figure 14. Assessment of airway hyperreactivity and asthma phenotype in allergic offspring from
20 mg/kg vancomycin treated mothers.

A Assessment of the airway hyperreactivity via measurement of Newtonian resistance after escalating dos-
ages of methacholine (n=12). B BAL differential cell counts; Leukocytes, eosinophils, macrophages, lym-
phocytes and neutrophils (n=16). C Serum total IgG1, OVA specific IgG1 and OVA specific IgE (n 29).
Significance is reported by *P < .05, **P < .01, ***P < .001, Student’s t-test or Mann Whitney test, Figure
adapted from [90].
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3.2.2. Gut microbiome sequencing the mother and offspring feces and assess-
ment of SCFA concentrations.

After confirming increased airway reactivity in allergic offspring from mothers treated with
20mg/kg vancomycin, we next performed a deeper analysis of the maternal and offspring
gut dysbiosis. 16S rRNA sequencing was used to assess the fecal gut microbiota in moth-
ers (before mating, at the end of the treatment at G17 and at weaning at PN21) and their
offspring at (weaning and after asthma induction). As shown in Figure 15A-C and in Table
9, several bacterial genera including Escherichia, Parabacteroides, Sutterella and Akker-
mansia had higher relative abundance, not only in the feces from antibiotic treated moth-
ers, but also in their offspring. In the offspring, Bacteriodes also had significantly higher
abundance in the offspring, both at weaning and after asthma induction. On the other
hand, the relative abundance of several bacterial families - such as Lachnospiraceae,
Rikenellaceae, and genera - Oscillospira and Ruminococcus were reduced in both moth-
ers and offspring. Both Prenatal-Antibiotic mothers and their offspring showed less a-
diversity (Shannon index, Figure 15D) and principal component analysis of offspring 8-
diversity demonstrated that maternal antibiotic treatment had a larger effect on the gut
microbiota than age difference or asthma induction (Figure 15E). Measurement of SCFAs
in the feces (collected at the same time points as the microbiota analysis) showed signif-
icant reductions in acetate, propionate, butyrate and isovalerate in both Prenatal-Antibi-
otic mothers and their offspring at the end of pregnancy, which persisted until weaning
(Figure 15F).
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Figure 15. Fecal microbiota and SCFA analysis in mothers and offspring.

A-C Bar plots representing the relative abundance of bacteria clades. k - kingdom; p - phylum; f - family; g
- genus. D a-diversity of the fecal gut microbiota in mothers and their offspring. E beta-diversity analysis of
prenatal-control and prenatal-antibiotic offspring at weaning and after asthma induction. F Fecal short-chain
fatty acid measurement in maternal and offspring feces: acetate, propionate, butyrate, and isovalerate.
Means = SEM are shown. Significance is represented by *P < .05, **p < .01, ***p < .001. Student’s t-test or
Mann-Whitney test was performed for the statical analysis [90].

Table 9: Phylogenetic classification of changes in fecal bacterial compaosition in Prenatal-Control
versus Prenatal-Antibiotic treated mothers and their offspring.

Relative abundance was determined by 16S rRNA gen amplicon sequencing. Classification: k - kingdom;
p - phylum; o — order; f - family; g - genus. Grey-highlighted cells represent the most abundant clades.
Student’s t-test or Mann-Whitney test was applied A blank cell = no difference between control and antibi-
otic-treated groups. *P < .05, **P < .01, ***P < .001. ****P < 0.0001 [90].
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Mother after Mother
antibiotics weaning Offspring Offspring
(617) (PN21) weaning (PN21) | asthma (PN49)

g_Akkermansia Inc*® Inc**** Inc**
g Bacteriodes Inc**** Inc****
p_Bacteroidetes Inc*** Inc*®
g Blautia Inc* Inc**** Inc*
f__ Desulfovibrionaceae Inc**
f Enterobacteriaceae Inc*
g Escherichia Inc** Inc****
g_ Parabacteroides Inc** Inc* Inc****
p__Proteobacteria Inc**
p_Proteohacteria Inc**** Inc* Inc****
g Sutterella Inc*** Inc*** Inc** Inc*
p_Verrucomicrobia Inc* Ing**** Inc**
o__ Bacteroidales Dec* Dec**** Dec****
g_ Bilophila Dec**
g__ Butyricicoccus Dec*** Dec** Dec*
g Candidatus_Arthromitus Dec*** Dec**
g Clostridium Dec*** Dec* Dec*
g Clostridium Dec*** Dec** Dec**
g Clostridium Dec*** Dec** Dec***
g_ Coprobacillus Dec** Dec* Dec**
g Coprococous Dec*** Dec** Dec®*** Dec**
g Dehalobacterium Dec*** Dec*** Dec®*** Dec**
g Dorea Dec*** Dec*** Dec*
f_ Flo Dec*** Dec** Dec*
p__Firmicutes Dec*** Dec* Dec**** Dec**
p_Firmicutes Dec**** Dec*** Dec***
f Lachnospiraceas Dec*** Dec** Dec**
g Lactobacillus Dec*
f _Mogibacteriaceae Dec* Dec**
g Oscillospira Dec*** Dec** Dec***
g Odoribacter Dec**** Dec**** Dec®*** Dec****
g Prevotella Dac** Dec*** Dec**** Dec****
g_ Prevotella Dec*** Dec**** Dec****
o_ RF33 Dec *** Dec* Dec***
f__Rikenellaceae Dec** Dec*
f__Ruminococcaceae Dec**** Dec** Dec®*** Dec**
g Ruminococcus Dec**** Dec** Dec** Dec***
f 524-7
p_{o_Bacteriodales) Dec*** Dec* Dec**** Dec***

3.2.3. The effect of antibiotic use during pregnancy on lactation, milk composition
and the intestine of sucking mice.

The maternal intestine expands during lactation to provide more surface area for nutrient
absorption [92,93]. To investigate if the maternal gut dysbiosis observed in our model
could interfere with this process, we next examined maternal intestinal histology and milk
composition during lactation. Analysis of PN15 lactating mothers demonstrated that
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neither the intestinal length nor intestinal villus-crypt length was affected by antibiotic

treatment (Figure 16A and B).

Next, we assessed the impact of vancomycin treatment on immunological components in
the milk at PN15, using a 23-plex cytokine assay. Though we detected 6 cytokines (IL-
1a, eotaxin, G-SCF, KC, RANTES, and TNF-a) in the breast milk, there were no differ-
ences observed between the antibiotic treated mothers and controls (Figure 16C). SCFA
analysis in the breast milk demonstrated that through acetate, propionate, and butyrate
were all measurable there were also no differences observed between groups (Figure
16D).

As it is known that gut microbial dysbiosis can induce changes in IgA composition [94],
we next measured IgA concentrations in mothers and their offspring. Prenatal-Antibiotic
mothers had significantly higher concentrations of IgA in the serum and milk (Figure 16E).
Increased IgA concentrations were also detected in the serum and feces of their PN15
offspring (Figure 16F). We next assessed intestinal inflammation in mothers and their
offspring. Measurement of the inflammation marker lipocalin-2 in feces demonstrated in-
testinal inflammation in both mothers and offspring from the Prenatal-Antibiotic group
(Figure 16G). Finally, we demonstrated that maternal antibiotic use during pregnancy was
also associated with a significant reduction in PN15 offspring weight when compared to

offspring from control mothers (Figure 16H).
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Figure 16. Prenatal antibiotic exposure induces intestinal inflammation and increases IgA concen-
trations in PN15 mothers and their offspring.

A PN15 maternal small intestine length. B PN15 maternal small intestine villus-crypt length (um) and im-
munofluorescence staining of the small intestine using the markers Epcam, Ki67 and DAPI (scale bar =
100 um). C Detectable cytokines in breast milk, namely: IL-1a, eotaxin, G-CSF, KC, RANTES, and TNF-a.
D Measurable SCFAs in milk. E Maternal serum and breast milk IgA concentrations. F Offspring serum and
fecal IgA concentrations. G Fecal lipocalin-2 levels. h PN15 offspring weight. Maternal and offspring sam-
ples, n>8. Means + SEM are shown. Significance is reported by *P < .05, **P < .01, ***P < .001, Student’s
t-test or Mann Whitney test [90].

3.2.4. Assessment of offspring immune system development along the gut-lung
axis

In order to understand how offspring intestinal dysbiosis could affect development of the

mucosal immune system, flow cytometry analysis was performed on the small intestine
lamina propria (SI-LP), blood and lung in early life at PN15 and at after allergic asthma

induction at PN49.

3.2.4.1. Gutdysbiosis in early life disturbs small intestine mucosal immune cell com-
position and gut permeability.

The innate and adaptive mucosal immune system of the small intestine plays a major role

in intestinal homeostasis [95]. Immunophenotyping of the SI-LP in early life showed that
even though absolute leukocyte cell numbers did not vary between the groups, leukocyte
cell percentages were significantly increased in Prenatal-Antibiotic offspring (Figure 17A).
Analysis of CD4* T cells showed increased percentages in Prenatal-Antibiotic offspring
in early life however, after asthma induction a significant reduction was observed in this
cell type. (Figure 17B). CD4* T cell subpopulations revealed that the prenatal antibiotic
exposure had no effect on the T-bet* or RORyt* Th cells in early life, however, the GATA3*
cell population percentages were lower in the Prenatal-Antibiotic offspring compared to
controls (Figure 17C). After asthma induction, all CD4+ T cell subpopulations (T-bet",
GATA3* and RORyt* FoxP3*-) were decreased in the SI-LP (Figure 17C).

Regarding ILCs, a decrease in total ILC percentage was observed in both the PN15 and
allergic groups. Investigation of ILC subpopulations revealed that ILC1 and ILC3 percent-
ages were not affected at any time point, but ILC2s were increased in the SI-LP after
asthma induction (Figure 17D). Further analysis of ILC3 subgroups revealed an increase
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in the percentage of the inflammatory NCR" (CCR6* T-bet’) and a reduction in anti-inflam-
matory NCR* (CCR6" T-bet*) ILC3s (Figure 17e). These inflammatory changes in the
intestine were accompanied by disruption of the intestinal barrier in early life as a gut
permeability assay demonstrated significantly increased amounts of FITC-Dextran in se-

rum from Prenatal-Antibiotic offspring (Figure 17F).
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Figure 17. Prenatal antibiotic exposure alters ILC3s population and compromises intestinal barrier
integrity in the offspring in early life.

A Absolute numbers and percentages of leukocytes. B CD4+ T helper cell percentages. C T helper cells
subpopulations: T-bet+, GATA3+, RORyt + FoxP3-, RORyt+ FoxP3+ CD25+. D Percentages of total ILCs,
ILC1s ILC2s and ILC3s. E ILC3s subpopulations NCR+ (CCR6- T-bet+) and NCR- (CCR6+ T-bet-). F
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Serum concentration of 4 kDa FITC-dextran after oral gavage to PN15 and allergic mice. (A-E) n=16 and
for (F), n =2 5. Means £ SEM are shown. Significance is reported by *P < .05, **P <.01, ***P <.001, Student’s
t-test or Mann Whitney test [90].

3.2.4.2. Dysbiosis, intestinal inflammation and reduced gut barrier integrity in early
life are associated with increased blood LPS concentrations and RORyt Th
cell percentages in the circulation.

To understand the communication between the gut and lung, we assessed several pa-

rameters in offspring blood. Prenatal-Antibiotic mothers and their PN15 offspring con-
tained higher concentrations of LPS in the serum compared with controls, whereas adult
asthmatic offspring showed no difference in serum LPS (Figure 18A). Flow cytometry
analysis of the blood revealed leukopenia in Prenatal-Antibiotic offspring at PN15, which
was resolved at the PN49 time point after asthma induction (Figure 18B). No differences
in Ly6CM monocytes, neutrophils or eosinophils were observed at either time point (Figure
18C). Despite the unchanged percentages of the eosinophils, a significant increase in the
expression of the activation markers sialic acid-binding lg-like lectin 5 (SiglecF) and
CD11b was observed in offspring, both in early life and after asthma induction (Figure
18d). Additionally, although no significant changes were detected in blood Th cells or T-
bet" and GATAS3" subpopulations at either time point (Figure 18E and F), CD4* RORyt* T
cells were significantly increased both in early life and after asthma induction (Figure
18F). RORyt* FoxP3* cells were not detected in the blood and Tregs did not show any
changes between the groups.
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Figure 18. Increased LPS and RORgt+ FoxP3- Th cells in the blood of offspring from antibiotic
treated mothers.

A LPS serum concentrations. B Blood leukocyte concentrations per ml blood. C Percentages of: Ly6Chi
monocytes, Ly6G+ neutrophils and SiglecF+ eosinophils. D CD11b and SiglecF mean fluorescence inten-
sity (MFI) of eosinophils. E and F Percentages of CD4+ T cells and its subsets: T-bet+, GATA3+, RORyt+
FoxP3-. Means + SEM are shown. n=6 for n=16. Means + SEM are shown. Significance is reported by *P
< .05, **P < .01, ***P < .001, Student’s t-test or Mann Whitney test [90].

3.2.4.3. Intestinal dysbiosis in early life is associated with accumulation of RORyt+
FoxP3+/- Th cells in the lung at PN15 and after asthma induction.

To examine the impact of intestinal dysbiosis on lung immune cell composition, flow cy-
tometry analysis was performed in PN15 and allergic offspring (PN49). In early life the
lungs of the Prenatal-Antibiotic offspring held higher numbers of leukocytes than controls,
however the percentage of the CD45* leukocytes did not vary between the groups at
either time point (Figure 19A). Although the total ILC percentage was not affected by
maternal antibiotic use, ILC2 percentages were increased in the lung of allergic mice
(Figure 19B). Prenatal-Antibiotic offspring lung tissue exhibited a lower percentage of
neutrophils at PN15, whereas allergic lungs contained higher percentages eosinophils
and CD11c* macrophages compared to allergic offspring from control mothers (Figure
19C). Examination of Th cells revealed that maternal antibiotic treatment had no impact
on the lung CD4* T cells in the offspring, or T-bet* and GATAS3" subpopulations. However,
these animals had increased percentages of RORyt*FoxP3  and RORyt*FoxP3* T cells
(Figure 19D).
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Figure 19. Intestinal dysbiosis in early life is associated with changes to lung immune cells PN15
and increased asthma severity.

A Lung leukocyte counts and percentages. B Percentages of total ILCs and ILC2s C Percentages of neu-
trophils, eosinophils, CD11c* macrophages and SiglecF* alveolar macrophages. D Percentages of CD4* T
cells and T-bet*, GATA3*, RORyt* FoxP3-, and RORyt* FoxP3* CD25* subpopulations. Means + SEM are
shown and n>8. Significance is represented by *P < .05, **P < .01, ***P < .001. Student’s t-test or Mann-
Whitney test was performed [90].

In conclusion, maternal antibiotic treatment during pregnancy was associated with gut
dysbiosis and reduction in fecal SCFA concentrations in both mothers and their offspring
in early life. This was associated with inflammation in the SI-LP (increased inflammatory
ILC3 populations, increased IgA and lipocalin-2 concentrations), a compromised gut bar-
rier (FITC-dextran assay) and dissemination of LPS to the serum. Finally, we observed
increased Th17 cells in both blood and lung and hypothesize that this cell type may have
contributed to the increased asthma severity observed in Prenatal-Antibiotic offspring.
This indicates that Th17 cell populations present in the neonatal lung are an interesting

candidate for future studies on asthma susceptibility.



4. Discussion

We successfully established a mouse model in which treatment of pregnant mice with
antibiotics resulted in increased asthma severity in the offspring. Assessment of the gut
microbiota revealed a transfer of antibiotic-induced-dysbiosis from mothers to offspring,
with significantly increased gram-negative bacterial genera such as Bacteriodes and
Escherichia. Since gut dysbiosis in early life is linked to both maldevelopment of the im-
mune system [96] and increased susceptibility to allergic asthma [47] we also assessed
offspring immune system development along the gut-lung-axis. Gut dysbiosis in early life
promoted gut inflammation, indicated by increased fecal IgA and lipocalin-2 concentra-
tions, and was also associated with epithelial barrier disruption and LPS dissemination to
the circulation. In the blood, immunophenotyping revealed an increase in the RORyt T
helper cell (Th17) population which was also observed in the lung in early life and after
allergy induction, indicating a potential role for this cell type in asthma pathogenesis that
merits further investigation. We propose that the disruption of the intestinal barrier in early
life is an early programming event contributing to major alterations along the gut-lung
axis, cumulating in significant overexpression of lung tissue RORyt T cells and increased

asthma severity in the offspring.

4.1. Model establishment
4.1.1. Maternal treatment

Previous to this work, the existing mouse models studying antibiotic use during pregnancy
employed perinatal treatment of both mothers and offspring with antibiotics [16,47]. The
model established during my work is novel, due to the use of single-dose of an oral anti-
biotic only during pregnancy, allowing us to dissect how maternal gut dysbiosis contrib-
utes to increased asthma risk in the offspring. During model establishment, several fac-
tors were considered, including: 1) Antibiotic selection, 2) Dosage, timing and treatment
duration, and 3) Administration method.

1) Antibiotic selection: The antibiotic vancomycin was selected for this study
due to its low oral bioavailability and poor intestinal absorbance, which al-
lows maximal impact on the maternal gut microbiome while simultaneously
ensuring lower fetal exposure. Although vancomycin is not commonly used
during pregnancy, it does share a similar antimicrobial spectrum with the
many beta-lactam groups (penicillin and cephalosporins), which are a first-

line therapy during pregnancy in treating infections. Penicillin or
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cephalosporin were not chosen, however, due to the possible systemic im-
pact on the fetus from the passage of these absorbable antibiotics across
the placenta [97].

2) Dosage, timing and treatment duration: To determine the appropriate van-
comycin dosage, we tested 3 different concentrations (10, 20 and 40 mg/kg)
corresponding to low, middle and high human dosages. As it is reported
that antibiotic administration in early pregnancy can interfere with implanta-
tion and increase abortion rate [98], antibiotic treatment was started at G8
after implantation was finished. However, even with these precautions a
dosage related correlation with abortion was still observed. To mimic pre-
scription of multiple antibiotic courses during pregnancy, mice were treated
with vancomycin for 10 days.

3) Administration method: Several considerations were given to the route of
antibiotic delivery. Though antibiotics are often given in the drinking water
[16,47], this method was not chosen because it is unlikely that the minimum
effective concentration of the antibiotic would be reached due to the con-
sumption of small doses in the water over the course of the day. Additionally
with this method, it is not possible to determine the amount of antibiotics
consumed by each individual mouse due to the ethical requirement of hous-
ing multiple mice together. Antibiotic delivery by oral gavage was also re-
jected, due to the high amount of stress associated with this procedure. For
antibiotic treatment of our pregnant mice, we developed a stress-free
method to deliver appropriate concentrations to individual animals by adapt-
ing a method used for antibiotic treatment in children. To aid medication
delivery, vancomycin was mixed with a small volume of syrup (Ora-Sweet)

and orally delivered via micropipette.

In summary, our antibiotic treatment method offers many advantages including: 1) Ease
of antibiotic delivery 2) Ensured administration of an exact, human-comparable dose, 3)
Meeting the minimum inhibitory concentration of the medication 4) Use of an animal
friendly and stress-free method, 5) And an environmentally friendly method that reduces

the amount of antibiotic used, thus avoiding waste.
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4.1.2. Offspring allergic asthma phenotype

We initially tested three different concentrations of vancomycin (10, 20 and 40 mg/kg) in
pregnant mice to assess their effect on asthma development in the offspring. Offspring
asthma severity in the low vancomycin (10 mg/kg) group was comparable to the control,
whereas maternal treatment with the 20 and 40 mg/kg concentrations during pregnancy
resulted in increased asthma severity in the offspring. The 40 mg/kg vancomycin concen-
tration was not chosen for future studies, however, due to an observation of increased
abortion rate [91]. For this reason, the 20mg/kg vancomycin was chosen and through
several model replications, we can confidently say that this maternal treatment is associ-
ated with increased lung inflammation and airway reactivity. To improve asthma assess-
ment for our experimental asthma model, | successfully implemented a unique tool for
guantification of lung inflammation that is now routinely used in the Conrad lab. This tech-
nique, developed by the Onder lab (Comprehensive Pneumology Center, Hemholtz, Mu-
nich) [99] uses the newCAST software and a Meander Sampling Protocol to randomly
choose 100 locations thought out the whole lung and quantitively screen for inflammation.
This protocol eliminates subjectivity issues that could occur during pathology score as-
sessment and delivers an accurate, unbiased quantification of both inflammatory cell in-

flux and goblet cell mucous production.

Considering serum measurements in the allergic offspring, several interesting observa-
tions were made regarding both antibody and cytokine concentrations. Although during
the establishment of our model we did not initially observe differences in serum antibody
concentrations (total IgG1, OVA specific IgG1 and OVA specific IgE), the use of a more
sensitive assay and measurement equipment eventually revealed replicable increases in
serum antibody concentrations in offspring from antibiotic treated mothers. In addition to
this, though some mouse models report that increased BAL or lung cytokine concentra-
tions are associated with an increased asthma phenotype [100,101], our model con-
versely revealed that prenatal-antibiotic exposed offspring had lower BAL cytokine con-
centrations compared to allergic offspring from control mothers. For example, in the 20
mg/kg group, we observed lower IL-4, IL-5, MCP-1, MIP-1a, MIP-1b and RANTES con-
centrations, measured 72 hours after the first OVA challenge (initiation of the experi-
mental asthma phenotype)[91]. We have also observed this phenomenon in a different
asthma risk model in our lab [102]. As a possible explanation for this, BAL cells from
murine asthma models are usually stimulated with PMA-ionomycin or allergen and then

cytokine production is measured in the supernatant [100,103,104]. In our assessment,
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however, we measured the BAL cytokines directly 72 hours after the first asthma chal-
lenge. As these cytokines are produced during initiation of allergic lung inflammation, and
are presumably consumed during the inflammatory process, we propose that a more se-
vere asthma phenotype might have led to higher cytokine “consumption,” resulting in
lower remaining cytokine concentrations. Supporting this hypothesis, measurement of
BAL cytokines in allergic offspring 24 hours after the initiation of allergic airway inflamma-
tion showed that there were no observable differences in cytokine concentrations at this

early time point.

4.2. The effect of antibiotic treatment during pregnancy on the maternal sys-
tem and offspring development

4.2.1. Microbiota transfer from mother to offspring and its impact on fecal SCFA
levels

The maternal gut microbiome is a key contributor to the colonization of the infant gut [50].
Our analysis of the maternal and offspring gut microbiota used both quantitative qPCR
(providing bacterial counts) and 16S rRNA amplicon sequencing (providing genus and
species level relative abundance) to show the transfer of antibiotic-induced gut microbial
dysbiosis from mothers to their progeny. This finding is in line with human studies report-
ing the vertical transmission of gut microbiota from mother to child [105-107]. In our
mouse model, at the end of vancomycin treatment mothers showed a depletion of 30
different bacterial clades, mostly gram-positive due to the action of the antibiotic vanco-
mycin. Although this was already reported by others using perinatal models of antibiotic
treatment [16,48,108], our publication was the first to report this alteration in mice treated
only during pregnancy and is the most comprehensive microbiota assessment to date
with respect to both bacterial concentration and relative abundance at the genus level
[90].

Despite the depletion of many gram-positive bacterial strains, the total bacterial load in
the mothers and offspring from the antibiotic treated group was significantly higher than
the control. We hypothesize that the open niches and excess nutrient availability that
arose from the elimination of gram-positive bacteria allowed gram-negative bacteria to
flourish, which is a phenomenon consistent with human studies [109]. Among the most
enriched gram-negative bacteria were Parabacteroides in the mothers, and Escherichia
and Sutterella in the offspring. Gram-negative bacteria contain the endotoxin LPS in the

cell wall [110] which we suspect plays an important role in the mechanism of our model
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due to transport across the inflamed epithelium of the intestine and dissemination to the

circulation [111].

Considering metabolite production, the most depleted bacterial strains in prenatal-antibi-
otic mothers and their offspring were SCFA producers such as Clostridiales and Lachno-
spiraceae. SCFAs (acetate, propionate, butyrate, valerate and isovalerate) are saturated,
aliphatic acids that are mainly produced by anaerobic commensal bacteria through fer-
mentation of saccharides and indigestible dietary fibers in the intestine [72]. SCFAs are
well-known immune modulators, and it has been shown that low fecal SCFA concentra-
tions in first year of life are correlated with increased susceptibility to allergic diseases
[112]. It has also been shown that infant supplementation with SCFAs can protect from
atopic disease development in several different ways [113], including: ILC2 suppression
[71], limiting eosinophil trafficking and survival [101], attenuating DC activation and chem-
otaxis [16], inhibiting mast cell degranulation [114] and enhancing myeloid-derived sup-
pressor cell (MDSC) and Treg expansion [115]. In addition to this, SCFAs importantly

have the ability to promote epithelial barrier homeostasis and repair[116].

Members of the phylum Firmicutes ferment dietary fibers by hydrolyzing polysaccharides
to produce SCFAs [117], and since maternal vancomycin treatment depleted many
clades within this phylum, a reduction in fecal SCFA concentrations was expected. In-
deed, prenatal treatment with vancomycin was associated with reduced fecal concentra-
tions of acetate, propionate and butyrate in both mothers during pregnancy and lactation,
as well as in their offspring from early life to adulthood. Considering the influence of
SCFAs during early life, murine studies demonstrate that SCFA supplementation during
pregnancy [118] or during infancy [16,113] protects against offspring allergic airway in-
flammation. For this reason, we propose that maternal supplementation with SCFAs dur-
ing an antibiotic influenced pregnancy may be a future possibility to rescue the severe

asthma phenotype observed in our model.

4.2.2. The effect of maternal antibiotic treatment on breast milk.

Breast milk is an important factor that shapes not only the infant’'s microbiota, but also
contributes to immunity in early life. It provides essential nutrients as well as immunolog-
ical components (leukocytes and their stem cells [119], cytokines [120] and immunoglob-
ulins that direct the development of immunological tolerance [121]. Until now, however,
the impact of prenatal antibiotic use on maternal milk has not been well studied, thus we

used our model to assess how antibiotic treatment during pregnancy influences
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immunological components such as SCFAs, cytokines and immunoglobulins at PN15.
Interestingly, though we saw no differences in the SCFAs acetate, propionate and butyr-
ate, or the cytokines IL-1a, eotaxin, G-CSF, RANTES, KC and TNFa, we did observe
significant increases in breast milk IgA concentrations in antibiotic treated mothers.

The intestinal lymphatic organs are the main source of IgA producing plasma cells [122],
and through the entero-mammary link, plasma cells travel during late pregnancy and early
lactation to the mammary glands to produce milk IgA [123]. Though milk IgA contributes
significantly to gut microbial homeostasis [123,124] and is known to restrain bacterial and
viral intestinal infections in infants [123], its role in regulating allergic diseases remains
vague [125]. A human study has demonstrated that patients with severe asthma had in-
creased IgA+ memory B cells in the blood [126], and intestinal IgA analysis in asthmatic
children revealed that the genera Escherichia, Bacteroides and Parabacteroides were
significantly less bound to IgA (IgA free), whereas members of the phylum Firmicutes
such as Lachnospiraceae and Clostridium were more IgA bound [127]. As the relative
abundance of these bacterial clades were altered in my study, and increased IgA con-
centrations were observed in the maternal feces, blood and breast milk, as well as in the
offspring serum [90], IgA-bacteria binding studies will likely be of great relevance for future
studies.

4.2.3. Impact of dysbiosis in early life on the development of innate and adaptive
qut lymphocytes

The gut microbiota is essential for mucosal health and immune system development in
early life. Notably in our model, immunophenotyping of the SI-LP revealed that when off-
spring had a dysbiotic gut microbiome (due to maternal antibiotic exposure) that ILC3
subtypes were significantly altered compared to offspring from control mothers. ILC3s
maintain gut homeostasis by supporting the epithelial barrier, endorsing secondary lym-
phoid organ development and fighting infections [128,129]. The role of these cells in the
intestinal mucosa is highly dependent on bidirectional communication with the microbiota
[130,131], and the ILC3s consist of two main subgroups, the NCR+ ILC3s which are
(CCR6-T-bet+) and the NCR- ILC3s which are CCR6+T-bet. NCR+ ILC3s patrol the in-
testinal lamina propria producing mainly 1L-22 [132,133], fortifying the gut epithelial bar-
rier, enhancing mucus production and supporting gut colonization with commensal bac-
teria[130,133—-136]. NCR- ILC3s on the other hand produce IL-17 and can reside in the
intestinal lymph structures such as the Peyer's patches and cryptopatches, aggravating

intestinal inflammation by promoting class switch of B cells into IgA producing plasma
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cells [137,138] and recruiting neutrophils to the gut [135,136]. In our model, the disturbed
gut microbiota composition led to imbalance between these ILC3 subgroups in the off-
spring, showing a decrease in anti-inflammatory NCR+ and an increase in inflammatory
NCR- ILC3 percentages, which we hypothesize contributed to intestinal inflammation in

early life.

ILC3s interact with the gut microbiota via receptors that recognize both bacterial compo-
nents (TLRs) and bacterially produced metabolites (SCFAs) [139]. Considering SCFAs,
ILC3s sense these molecules through different G protein-coupled receptors such as
Gprl09a and free fatty acid receptor (Ffar2), which modulate gut inflammation by enhanc-
ing IL-22 production by NCR+ ILC3s [140] and simultaneously suppressing IL-17 produc-
tion by NCR- ILC3s [141], hence supporting gut homeostasis. We speculate that the re-
duced SCFA concentrations observed in the feces of Prenatal-Antibiotic exposed off-
spring in our model contributed to this ILC3 disbalance, thus disrupting the establishment
of gut homeostasis in early life.

4.2.4. Microbial dysbiosis in early life is associated with qut inflammation and
barrier disruption.

The gut is the largest mucosal immune surface in the body, and ILC3s are abundant in
the mucosal layers to help maintain gut integrity [142,143]. Recent evidence suggests
that dysregulation of ILC3 subtypes can lead to intestinal immune system activation, gut
inflammation and the subsequent disruption of gut homeostasis [139]. Indeed, further in-
vestigation in our model revealed gut inflammation in offspring that were prenatally ex-
posed to antibiotics, evidenced by an increased, and sustained influx of leukocytes into
the SI-LP, accompanied by an increase in fecal IgA concentration, which is also linked to
intestinal inflammation [144—-147]. Early life gut inflammation was confirmed in our model
through increased lipocalin-2 concentrations in the feces of the offspring in early life.
Lipocalin-2 is an anti-microbial peptide that is produced to restrain gut dysbiosis [148—
151].

Gut inflammation disturbs epithelial barrier integrity and leads to gut leakiness by dam-
aging tight junctions [152], and previous research has linked intestinal dysbiosis and in-
flammation with dissemination of bacterial components to the circulation [153,154]. In our
model we used two methods to confirm disruption of the gut barrier; a FITC-dextran per-
meability assay, which demonstrated increased FITC deposition in the circulation, as well
as serum LPS measurement, which showed significantly increased concentrations of LPS
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in the circulation of prenatal-antibiotic exposed offspring in early life, compared to con-
trols.
4.2.5. LPS dissemination to the circulation impacts the immune system along the

qut lung axis.
LPS is a component of the gram-negative bacterial cell wall that has a profound impact

on the immune system through interaction with TLR4 present on many immune cell types
[155]. It has been found that LPS can stimulate eosinophil mobilization from the bone
marrow via the integrin CD11b [156], and in our model, we hypothesize that the observed
increase in cell surface expression of CD11b and SiglecF circulating eosinophils may be
related to the presence of LPS [157-159]. As CD11b expression on eosinophils is essen-
tial for cell adhesion and degranulation, this is an interesting future target to examine

regarding LPS, eosinophils and the gut-lung axis.

Another important effect mediated by LPS is stimulation of naive CD4+ T cell differentia-
tion to RORyt+ Th cells or Th17 cells [155,160]. In conjunction with increased LPS con-
centrations in the Prenatal-Antibiotic offspring blood we also observed an expansion in
the Th1l7 population that began in early life and remained until adulthood. Th17 cells,
through the production of IL-17 an IL-21, instruct B cells to produce an antigen-specific
IgA response [161] which helps to restrain the gut microbiota [162]. Additionally, these
cells increase eosinophil activation and inflammatory mediator production [163-165],
which may play an important role in the programming of tissues such as the lung in early
life. Examination of the lung tissue in our model demonstrated that Prenatal-Antibiotic
exposed offspring, which had a more severe asthma phenotype than Prenatal-Control
offspring, exhibited increased percentages of lung Th17 cells both in early life and after
asthma induction. In the context of asthma, many studies suggest that Th17 cells are
involved in asthma development. Increased Th17 cells in the lungs were linked with cor-
ticosteroid resistant asthma [166,167], and IL-17 was found to increase airway reactivity
through the induction of airway remodeling processes [168]. Recent studies have found
that RORyt expressing T cells are important for Th2 cell differentiation and the develop-
ment of allergic asthma [169,170]. The results of our research contribute to this infor-
mation, indicating that Th17 cells likely play a larger role in asthma development than

previously imagined, especially in early life.
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5. Conclusion
Asthma is a condition that has lifelong impacts on the individual’s quality of life, and until
now, there is no cure for this complex disease. Our best available method in fighting
asthma lies in understanding the factors that contribute to disease susceptibility and the
underlying mechanisms of pathogenesis. Considering factors contributing to asthma risk,
epidemiological studies correlate taking antibiotics during pregnancy with increased
asthma severity in children [171]. During my doctoral project | confirmed this association
by designing a proof-of-concept mouse model and additionally identified a possible mech-

anism contributing to this phenomenon.

Antibiotic use during pregnancy in our mouse model was associated with maternal to
offspring transfer of gut dysbiosis, evidenced by enrichment of gram-negative bacteria
and depletion of SCFA-producing bacteria in the offspring from early life until adulthood
which was accompanied with decreased fecal SCFA concentrations. Offspring gut
dysbiosis in early life was associated with major immunological changes along the gut-
lung-axis including dysregulated gut ILC3 cells, intestinal inflammation and barrier dis-
ruption that lead to dissemination of bacterial components such as LPS to the blood
stream and increased Th17 cells in the blood and the lung. | hypothesize that the LPS
observed in the circulation stimulated and increased percentage of Th17 cells in the blood
that migrated to the lung where they subsequently contributed to the increased asthma
severity observed in this model. This research provides ample evidence for continued
investigation of Th17 cells in asthma. Ultimately, this work highlights the importance of a
healthy microbiota in early life for immune system development and homeostasis along
the gut-lung-axis and emphasizes the importance of rationalizing antibiotic prescriptions

during pregnancy.
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Conclusion: Consistent with the “Developmental Origins Hypothesis," our results

confirm that exposure to antibiotics during pregnancy shapes the neconatal intestinal

environment and increases offspring allergic lung inflammation.
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antibiotics, asthma, microbiome, pregnancy, short-chain fatty acid
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We found that maternal antibiotic treatment during pregnancy was associated with increased offspring asthma severity in a dose dependent
manner. Maternal vancomycein treatment during pregnancy caused marked changes in the gut microbiome composition in both mothers and
pups at several different time points. The increased asthma severity and intestinal microbiome changes in pups were also associated with

significantly decreased cecal short chain fatty acid concentrations.

Abbreviations: BAL, bronchoalveolar lavage; OVA, ovalbumin; SCFAs, short chain fatty acids.

1 | INTRODUCTION

Allergic asthma constitutes a morbidity of increasing prevalence and
is the leading cause of chronic disease in children. During asthma
exacerbation, inflammation of the respiratory epithelia manifests as
airway hyperreactivity and breathing difficulties that can substan-
tially reduce guality of life. Though it is not completely clear how
atopy initially arises, it is commonly accepted that allergic asthma
results from a failure to generate protective immunologic tolerance
against particular aeroallergens. Pursuing this further, several lines
of evidence suggest that the ability to generate tolerance is devel-
oped during the fetal and neonatal life stages." The "Developmental
Origins Hypothesis" proposes that environmental influences during
these critical time points can alter disease susceptibility in early life.?

There is considerable evidence that the use of antibiotics during
pregnancy contributes to increased asthma susceptibility in chil-
dren.®® During birth, the maternal vaginal, perineal, and fecal mi-
crobiome seed the initial intestinal colonization of the newbaorn.”®
Conseguently, antibiotics taken during pregnancy have been shown

to alter both the maternal and neonatal microbiomes in humans,”
rats,’® and mice.! The early life microbiome is crucial for the proper
development of immune system functions, whereas microbial dyshi-
osis in early life is associated with altered neonatal immunity “and
is thought to bias the maturing necnatal immune system toward a
hypersensitive state.>? Considering allergic airway diseases, stud-
ies demonstrate that germ-free mice displayed increased asthma
severity compared to mice with a conventional commensal micro-
biome.*® It was also shown that rescue of the severe asthma pheno-
type in germ-free mice was only possible by supplementation with
commensal microbes during early life, but not in adulthood.** The
neonatal microbiome is therefore critical for establishing immunity
and mucosal tolerance.

In addition to contributing to immune system development in
early life, intestinal microbes also facilitate the digestion of dietary
fiber. resulting in the production of short-chain fatty acids (SCFAs).
Acetate, propionate, and butyrate are the major metabolic by-prod-
ucts of bacterial fiber fermentation, and these SCFAs are associated
with asthma susceptibility. Longitudinal human studies revealed that
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increased levels of fecal butyrate and propionate in the first year
of life were significantly associated with protection from asthma at
& years of age.15 whereas decreased fecal acetate concentrations at
3 months of age were associated with asthma diagnosis at 3 years
of age.!® Studies in mice showed that increased fecal SCFAs were
associated with protection against airway inflammation,” whereas
decreased SCFA concentrations were associated with more severe
allergic airway diseases.!? Direct supplementation of adult mice with
SCFAs'*20 al50 effectively protected from airway inflammation.

Antibiotics account for 80% of prescriptions given during preg-
nancy.?! Given the strong association between maternal antibiotic
use and offspring asthma susceptibility, it is increasingly important
to understand the mechanisms behind this phenomenon. There are,
however, no experimental in vivo models available to date that ex-
amine the effect of antibiotics given only during pregnancy on
offspring asthma. In the present study, we therefore established a
mouse model in which maternal exposure to vancomycin resulted in
increased asthma severity in the offspring.

2 | METHODS
2.1 | Animals

Twelve-week-old female BALB/c mice were obtained from Janvier
Labs (Le Genest-5aint-Isle). Mice were kept under specific pathogen-
free conditions and housed five animals per cage in a 12/12 hours
light/dark cycle. Food and water were available ad libitum. All ani-
mal experiments were approved by local authorities (Landesamt flr
Gesundheit und Soziales; LAGeSo; registration number: GO158/18)
and were performed in accordance with German and international
guidelines.

2.2 | Experimental design

The presence of a vaginal plug after male and female co-habi-
tation was denoted as gestation day (G)O. From G8 to G17, preg-
nant mice received a daily oral dose of the antibiotic vancomycin
(Sigma-Aldrich) corresponding to 10, 20 or 40 mg/kg body weight.
Vancomycin was specifically chosen because it is poorly absorb-
able, limiting the possibility that the antibiotic will directly affect the
developing fetus, and allowing investigation of the downstream ef-
fects of maternal vancomycin use during pregnancy. Pregnant mice
were given the antibiotic mixture (25 pl of vancomycin +15 plL Ora-
Sweet syrup; Paddock Laboratories) through drops from a pipet:
control animals were sham treated with water + syrup (Figure 1A,
B). To reduce human error, we used a calibrated micropipette to ad-
minister this volume orally to each individual mouse. To ensure that
the entirety of the volume was consumed, we visually confirmed
after drug administration that each mouse had finished swallowing
(5-10 seconds) befaore returning the animal to the cage (Figure 1C).
Female offspring were weaned at 21 days of age, and experimental

asthma was induced by subcutaneous sensitization using 10 pg oval-
bumin [OVA VI=Sigma) in 200 uL PBS, once per week for 3 weeks.
The asthma phenotype was induced by exposing the offspring for
20 minutes daily to a 1% OVA aerosol (OVA V=5igma) for 3 days
(Figure 1A, B). Twenty-four hours after the last OVA challenge, the
asthma phenotype was assessed.??

2.3 | Molecular analysis of maternal and offspring
fecal microbiomes

2.3.1 | 165 rRNA gPCR

Fresh fecal pellets were immediately frozen and stored at -80°C.
Maternal fecal samples were collected 14 days before mating, at G17,
and at weaning. Offspring feces were collected at weaning (21 days of
age) and after allergic asthma exacerbation (7 weeks of age). Fecal DNA
was extracted and then quantified using Quant-iT PicoGreen reagent
(Invitrogen) as described in2? gPCR was chosen to obtain a broad sur-
vey of the bacterial groups present. as well as to determine how mater-
nal vancomycin treatment influenced the quantity of bacteria present
in mothers and offspring. Briefly. numbers of 165 rRNA gene copies
per ng DNA were guantified in each sample using species-, genera- or
group-specific primers (TIB MOLBIOL) assessed by gRT-PCR. Primer
sequences can be found in Table $1.2 Total bacteriz load was assessed,
as well as the following bacterial groups: Gammaproteobacteria/
Bacteroides/Prevotella/

Enterobacteriaceae  (Enterobacteriaceae),

Porphyromonas  (Bacteroidetes), Mouse Intestinal Bacteroides,

Clostridium  leptum,  Clostridium  coccoides/Eubacterium  rectale,

Enterococcus, Lactobacilius, and Bifidobacterium.

2.3.2 | 165 rRNA sequencing

DMA was extracted using the PowerSoil for KingFisher kit (MO Bio)
following manufacturer'sinstructions. 165 rRNA V4 gene fragments
were amplified using bar-coded primers as described in 25 with the
following primerregions (5'-3"): fwd: GTGCCAGCMGCCGCGGTAA,
rev: GGACTACHVGGGTWTCTAAT. Pooled PCR amplicons were
diluted to 20 ng/mL and sequenced using MiSeq 2000 bi-direc-
tional lllumina sequencing and Cluster Kit v4 (Macrogen). Library
preparation was done using TruSeq DMNA Sample Prep v2 Kit
(llumina) with 100 ng of DNA per sample. The library was quan-
tified and quality-checked using Qubit (Thermo Fisher Scientific).
DMNA extraction, amplification, and sequencing were performed
by Microbiome Insights Inc. Sequence data were trimmed, quality-
filtered, and clustered at $7% identity into operational taxonomic
units (OTUs) using a modified MOTHUR standard operating pro-
cedure.?® An average of 31 554 quality-filtered reads were gener-
ated per sample, and there was a total of 8631 OTUs. The OTUs
were taxonomically annotated using the SILVA database.?” Global
community structure comparisons were made in an R environment
using Phyloseq.®
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FIGURE 1 The effect of antibiotic use during pregnancy on asthma development in the offspring=Meouse model description and
pregnancy effects. A, Pregnant mothers were treated daily from G8-G17 with an oral dose of 10, 20 or 40 mg/kg vancomycin plus Ora-Sweet
syrup. Control mothers were treated orally with water and Ora-Sweet. At weaning, all offspring were subjected to an experimental asthma
protocol with a subcutaneous sensitization to ovalbumin (OVA) at 21, 28, and 35 days of age, and asthma provocation by a 20 min daily
aerosol challenge at 46, 47, and 48 days of age. B, Overview of the treatment for each group. C, Oral administration of vancomycin plus Ora-
Sweet. The mouse is scruffed and presented the antibictic via pipet, allowing the animal to voluntarily consume the drug-Ora-Sweet mixture.
Untrained mice immediately learn this procedure and consume the entire mixture within 5-10 s of presentation. D, Litter size=Total offspring
(entire bar), females (black bar) and males (white bar) born to mothers in each group. E, Weight of 7-wk-old allergic offspring that were
prenatally exposed to maternal control or vancomycin during pregnancy. Data information: Means = SEM are shown, control (n = 18), prenatal
10 mg/kg (n = 19), prenatal 20 mg/kg (n = 18), prenatal 40 mg/kg (n = 16). Results represent two independently performed experiments.
Significance is represented by **P < .01, one-way ANOVA with Dunnett's multiple comparisons test (10, 20, and 40 compared against control)

2.4 | Blood collection and antibody measurements

Blood samples were taken from the orbital sinus of terminally
anaesthetized mice and serum was stored at -80°C. Total IgG. OVA-
specific IgE and OVA-specific IgG1 were measured in the serum of
OVA zllergic offspring by an enzyme-linked immunosorbent assay
(ELISA) (BD Bioscience).

2.5 | Bronchoalveolar lavage, cytospins, and
bronchoalveolar lavage cytokine measurements

Using a tracheal cannula on euthanized offspring. Broncheoalveolar
lavage (BAL) was performed once using 1 mL of 1x Complete Protease
Inhibitor Cocktail (Roche). BAL supernatant was stored at -80°C,

total leukocytes were counted with a Neubauer chamber, and cyto-
spin preparations were made and stained with Diff-Quick (Merz &
Dade). Two hundred cells were counted per cytospin by a researcher
blinded to the sample names. For BAL cytokine measurements, [L-1a,
IL-1p, IL2, IL-3, IL-4, IL-5, IL-6, -9, IL-10, [L-12 (p40), IL-12 (p70), IL-13,
IL-17A, Eotaxin, G-CSF, GM-CSF, IFNy, KC, MCP-1, MIP-La, MIP-1 B,
RANTES, and TNF were measured using a mouse 23-plex cytokine
assay (Bio-Rad), according to manufacturer's instructions.

2.6 | Lung collection and histology
Immediately after BAL, lungs were fixed with 4% formalin. 4 um pe-

riodic acid-5Schiff (PAS)-stained lung sections were microscopically
analyzed using the new Computer Assisted Stereclogical Toolbox
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(newCAST; Visiopharm) as described in% by readers blinded to the
study groups. For inflammation and goblet cell measurements, the
software randomly selected 100 frames across multiple lung sec-
tions (40x objective), superimposed by a line grid and points. Point
intercepts on an eosinophil or goblet cell were considered as a point
of inflammation (Pl) or point of goblet cell (PG), respectively. Line
interceptions with the bronchial epithelium were considered a line of
a goblet cell (LG) or line of a nengoblet cell (LnG), respectively. Line
intercepts with blood vessel walls were labeled as line blood vessel
(LV). Volume of inflammation (Vol. Inf), number of goblet cells (Nu.
G), and volume of goblet cells (Vol. G) were calculated as follows:

Vol. Inf=(ZPl) x 5.395/(ZLG + ZLV)
Nu.G=(ELGx 100)/(ELG+ELnG)

Vol. G=(ZPGx 9.395)/(ZLG+ELnG)

2.7 | Analysis of SCFA from allergic offspring cecum

Cecal acetate, propionate, butyrate, and valerate were measured
with an HP 5890 series Il gas chromatograph (Hewlett-Packard)
equipped with an HP-20 M column and a flame ionization detec-
tor. Previously, flash-frozen cecal contents from allergic offspring
were diluted and centrifuged, then the supernatant was mixed with
2-gthylbutyric acid as an internal standard, 0.36 M HCIO4 and 1M
NaOH. The mixture was lyophilized overnight, and the remnant was
re-dissolved in a mixture of 400 ul of acetone and 5 M formic acid.
After centrifugation, 1 mL of the supernatant was injected into the

gas chromatograph.

2.8 | Statistical analysis

Samples were tested for normal distribution using a Shapiro-Wilk
normality test. Parametric/nonparametric data were analyzed by
one-way AMNOWVA/Kruskal-Wallis (with Dunnett's multiple com-
parison test) or Mann-Whitney U test in the case of two groups.
Calculations were performed with GraphPad Prism 7 software. To
confirm the robustness of the statistics with respect to outliers, we
performed an outlier analysis for every model with Cook's distance
using base R. In the presence of outliers, the initial analyses were
repeated after extracting the respective values from the dataset.
These results confirmed our initial analyses. Additionally, all mod-
els were estimated with robust ANOVA's using the WRS2 Package
(version 0.10). Again. the analyses showed only small and expected
differances to the initial analyses. Hence, we retained the initial re-
sults from the one-way ANOVA and Kruskal-Wallis tests. Pearson's
correlation analysis and statistics were performed using the R pack-
age psych (version 1.8.12). Correlation figures were generated using
ggph:-tZ:10 and ColorBrewer (https://CRAM.R-project.org/packa
ge=RColorBrewer). Multiple comparisons were corrected using the
Benjamini-Hochberg method.

3 | RESULTS
3.1 | Model description

To examine the effect of antibiotics taken during pregnancy on the
development of offspring asthma, we established a mouse model
in which daily treatment of mothers with the antibiotic compound
vancomycin from gestation day G8 until G17 resulted in increased
asthma severity in the offspring (Figure 1A). Mothers were treated
with either 10, 20 or 40 mg vancomycin per kg body weight, cor
responding to low, medium, and high vancomycin doses in humans,
and as a prenatal control, mothers received sterile water (Figure 1B).
Using a novel methed adapted from,*! we used a pipet to feed mice
wvancomycin mixed with Ora-Sweet, which is a medically approved
syrup used to sweeten antibiotics for children.*? In our experience,
untrained, hand-held mice readily ate the entirety of the antibiotic
mixture within a 10 second delivery time (Figure 1C). Offspring from
all groups were subjected to an ovalbumin (OVA) allergic asthma pro-
tocol beginning at weaning (Figure 1A, B).

3.2 | Maternal treatment with a high antibiotic
concentration increased miscarriages and
reduced offspring weight

To assess the effect of maternal treatment with antibiotics on preg-
nancy outcome, we recorded litter sizes, miscarrizge rates, offspring
sex and adult offspring weight. Of the term pregnancies, the mean
litter size was 4.5 pups and no differences were observed in litter
size or pup sex between groups (Figure 1D). In mice with confirmed
pregnancy (more than 3.5 grams of weight gained from G0-G13),%
we observed increased miscarriages, that is, abortion of all pups, with
increasing antibiotic concentration. Mothers treated with 20 mg/kg
vancomycin had a 9% miscarriage rate, whereas in mice with 40 mg/
kg the number rose to 30%. Control mothers and those exposed to
10 mg/kg vancomycin had no observed miscarriages. In addition to
miscarriage, prenatal exposure to increasing antibiotic concentra-
tions was also associated with decreased offspring weight in a dose-
dependent manner. Seven-week-old allergic offspring from mothers
treated with 20 mg/kg and 40 mg/kg vancomycin weighed signifi-

cantly less than allergic offspring from control mothers (Figure 1E).

3.3 | Maternal antibiotic treatment during
pregnancy increased offspring asthma severity in a
dose-dependent manner

To determine how antibiotic use during pregnancy impacts off-
spring asthma severity, we induced experimental allergic asthma
in offspring derived from control- and antibictic-treated moth-
ers. As expected, serum from zll allergic offspring contained
OVA-specific IgE and OVA-specific 1gG1, though no differences
were observed in these antibodies or total |gG concentrations
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FIGURE 2 Maternal antibiotic treatment during pregnancy results in increased asthma severity in the offspring. A, Serum antibody
titers from OVA allergic offspring: OVA-specific IgE, OVA-specific IgG1 and Total IgG. B, Allergic offspring lung histology quantification:
eosinophilic inflammation, goblet cell percentage, goblet mucous volume. C, Allergic offspring lung histology images. Scale bar = 100 um. D,
Bronchoalveolar lavage (BAL) cell counts from allergic offspring: leukocytes, eosinophils, macrophages, and lymphocytes. Data information:
Means £ SEM are shown, control (n = 18), prenatal 10 mg/kg (n = 19), prenatal 20 mg/kg (n = 18), prenatal 40 mg/kg (n = 16). Results
represent two independently performed experiments. Significance is represented by *P < .05, **P < .01, ***P < .001, one-way ANOVA or
Kruskal-Wallis test with Dunnett's multiple comparisons test (10, 20, and 40 compared against control)

between maternal control (MC) and maternal vancomycin (MV) correspondence with increasing maternal vancomycin concentra-
allergic offspring groups (Figure 2A). Analysis of allergic off- tions. Histopathological quantification of pulmonary inflamma-
spring inflammation revealed increasing asthma severity in tion and mucous production revealed that allergic offspring from
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TABLE 1 Bronchoalveolar lavage from allergic offspring displays decreased cytokine concentrations with increasing prenatal antibiotic
exposure

Allergy =

Maternal control Maternal 10 mg/kg Maternal 20 mg/kg Maternal 40 mg/kg

n=18 n=18 n=13 n=16
Concentration (pg/mL) Mean (SEM) Mean (SEM) Mean (SEM) Mean (SEM)
IL-1a 7.210.4) 8.5(0.9) 9.0(0.8) 9.0(1.0)
IL-1p 48.0(4.9) 36.1(4.0) 22.0(5.3)* 25.4(5.6)*
IL-2 164.8 (18.1) 6.4(0.4) 6.6 (0.4) 6.8(0.7)
IL-4 165.4 (17.5) 142.9 (16.4) 829 (16.9)* 145.0(4.2)
IL-5 164.8 (18.1) 146.2 (11.4) 103.2 (17.2)* 130.7 (13.4)
IL-6 9.7(2.9) 10.3(1.6) 9.7 (1.6) 8.2(1.4)
IL-9 42,0 (6.0) 20.9 (5.5)* 26.4(7.8) 2.7 (4.4
IL-12p40 52.614.2) 43.4(2.8) 40.1 (3.8) 44.4(4.2)
IL-12p70 12.4(1.0) 11.1(0.7) 7.7 (0.8)** 9.1(1.3)*
IL-13 111.1(13.4) 83.6(9.3) 81.5(12.1) 92.2(9.6)
Eotaxin 161.6(7.2) 141.0(7.0) 135.6(11.2) 113.0(16.9)**
G-CSF 8.4(0.8) 7.9 (0.9) 5.3 (0.9)* 5.5(0.9)°
GM-CSF 10.0 (0.6) 8.5(0.3) 6.5 (0.6)* 3.3 (6.5
KC 213.2 (27.5) 230.8 (29.1) 240.7 (34.7) 207.3 (24.5)
MCP-1 28.9(5.9) 16.2 (2.8) 4.7 (3.0 6.1(2.7)=*
MIP-1x 9.8(0.9) 9.6 (0.6) 5.1(0.1)** 7.7(0.9)
MIP-1p 4.3(0.4) 3.8(0.2) 2.4(0.3)*** 2.6(0.2)**
RANTES 6.5(0.4) 5.8(0.2) 4.7 (0.3)** 5.3(0.4)
TNFa 20.9(1.3) 19.6 (1.0 171(1.9) 22.6(4.7)

Note: Data information: Means + SEM are shown, control (n = 18), prenatal 10 mg/kg (n = 19), prenatal 20 mg/kg (n = 18), prenatal 40 mg/kg (n = 16).
Results represent two independently performed experiments. Significance is represented by P < .05, **P < .01, ***P < .001 one-way ANOVA or
Kruskal-Wallis test with Dunnett's multiple comparisons test (10, 20, and 40 comparad against control).

mothers treated with 20 or 40 mg/kg vancomycin (henceforth 3.4 | Antibiotic treatment during pregnancy

referred to as MV20 and MV40 allergic offspring, respectively)
displayed significantly increased airway and vessel eosinophilic
inflammateory responses as well as increased goblet cell numbers
and mucous volume when compared to allergic offspring from
control mothers (Figure 2B, C).

In addition to tissue inflammation, total leukocyte influx into
the bronchoalveolar lavage (BAL) fluid was significantly increased in
MW20 and MV40 allergic offspring; this result was largely due to
increased numbers of eosinophils and macrophages (Figure 2D). In
the BAL, increased allergic lung inflammation correlated with signifi-
cantly lower concentrations of 12 of the 23 measured BAL cytokines,
namely [L-1p, IL-4, IL-5, |L-% IL-10, IL-12p70, eotaxin, G-CSF, GM-CSF,
MCP1, MIP-1a and RANTES (Table 1). Finally, correlation analysis
showed that increasing vancomycin concentration during pregnancy
correlated with significantly increased asthma severity in the off-
spring (Figure 51A-D). In summary, based on significant increases in
lung inflammation, mucous production, and BAL cell infiltrates, as
well as a correlated decrease in BAL cytokines in MV20 and MV40
allergic offspring, we thereby show that maternal antibiotic treat-
ment during pregnancy was associated with increased severity of
offspring allergic asthma.

altered the maternal and offspring intestinal
microbiomes

To correlate increased MV offspring asthma severity with changes
in gut microbial communities, we guantified the changing fecal mi-
crobiome composition of mothers and their offspring using gPCR.
At G17, following antibiotic treatment, we observed a significant in-
crease in total bacterial load in all mothers that were treated with
vancomycin in comparison to control G17 mothers (Figure 3A). At
weaning (23 days after the last antibiotic treatment), total bacte-
rial loads of vancomycin-treated mothers returned to control levels;
however, all MV offspring had significantly increased fecal bacte-
rial numbers, both at weaning and as allergic adults. The increased
bacterial load in MV mothers corresponded to greatly increased
numbers (up to Log 4) of bacteria in the Enterobacteriaceae in all
vancomycin-treated groups (Figure 3B). gPCR additionally revealed
that microbes in the Bacteroidetes were also increased (Log 2) in G17
maternal feces in the MV10 and MV20 groups (Figure 3C). Again,
members of this group returned to control levels in the mothers at
weaning, whereas they remained elevated in offspring from all MV
groups, both at weaning and as allergic adults (Figure 3C). Mouse
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FIGURE 3 gPCR analysis of the fecal microbiome from mothers and offspring. Broad bacterial clades in the maternal and offspring fecal
microbiome were quantified in all treatment groups using taxa-specific 165 rRNA gPCR. A, Total eubacterial load, B, y-protecbacteria—
Enterobacteriaceae, C, Bacteroidetes—Bacteroides, Prevotella, and Porphyromonas, D, Clostridium leptum group. Data information: Medians
(black bars) are shown, Maternal: control (n = &), 10 mg/kg, (n = 8), 20 mg/kg (n = 7), 40 mg/kg (n = &). Offspring: from control mothers

(n = 18), from 10 mg/kg vancomycin-treated mothers (n = 19), from 20 mg/kg vancomycin-treated mothers (n = 18), from 40 mg/kg
vancomycin-treated mothers (n = 16). Results represent two independently performed experiments. Significance is represented by "P < .05,
**P<.01,"*"P < .001, one-way ANOVA or Kruskal-Wallis test with Dunnett's multiple comparisons test (10, 20, and 40 compared against

control)

Intestinal Bacteroides (MIB) followed a similar pattern but with less
pronounced differences between groups (Figure S2A).

Considering gram-positive bacteria, gPCR analysis revealed an
expected decrease in the fecal Clostridium leptum group in zll vanco-
mycin-treated mothers at G17 (up to Log 4 decrease) (Figure 3D). A
similar trend was observed in the Clostridium coccoides/Eubacterium
Rectale group (Figure $2B). Clostridium leptum remained significantly
decreased in both mothers and offspring at weaning and in the adult
allergic offspring (Logl) (Figure 3D). Finally, Lactobacillus concentra-
tions did not show any major differences between control and van-
comycin-treated mothers or pups (Figure 52C).

To expand on the gPCR data, we chose the group with the great-
est increase in asthma severity (MVZ20), to examine the maternal and
offspring fecal microbiome by 165 amplicon sequencing. 165 am-
plicon analysis confirmed that members of the Enterobacteriaceae
increased in relative abundance at G17 in MV20 maternal feces
(Figure 4A). One of the most differentially abundant operational tax-
onomic units (OTUs) at G17 in MV20 maternal feces was identified

as Escherichia coli, a member of the Enterobacteriaceae (Figure 4B).

165 amplicon analysis also allowed us to infer the contributions of
particular taxa to the Bacteroidetes qPCR results. In MV20 mothers
at G17, OTUs corresponding to unclassified Bacteroidetes had ele-
vated relative abundances (Figure 4C), whereas in MV20 offspring
at weaning and at adulthood, different OTUs belonging to the genus
Bacteroides had increased relative abundances (Figure 4D). The gen-
era, Prevotella and Porphyromonas, did not appear to contribute to
the increase in Bacteroidetes, as the relative abundance of the for-
mer actually decreased in MV20 mothers and offspring at all time
points measured after vancomycin treatment (Figure 4D); the lat-
ter did not make up a substantial proportion of sequencing reads
(=0.001%).

145 amplicon analysis of Clostridium confirmed our observations
in the MV20 groups, with the G17 time point, as well as mothers
and offspring at weaning, having significantly lower relative abun-
dances of OTUs classified as members of the order, Clostridiales.
In summary, these data confirm that the increases in total fecal
bacterial numbers in vancomycin-treated mothers at G17 and in
their offspring at weaning and adulthood is likely due to a bloom of
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FIGURE 4 165 rRNA amplicon sequencing analysis of the fecal microbiome from MV20 mothers and offspring. Relative abundance

of A, Enterobacteriaceae, B, Escherichia coli, C, an unclassified species of Bacteroidetes, D, Bacteroides, E, Prevotella, F, Clostridiales. Data
information: Medians (black bars) are shown. Maternal: control (n = &), 10 mg/kg, (n = 8), 20 mg/kg (n = 7), 40 mg/kg (n = &). Offspring: from
control mothers (n = 18), from 10 mg/kg vancomycin-treated mothers (n = 19), from 20 mg/kg vancomycin-treated mothers (n = 18), from

40 mg/kg vancomycin-treated mothers (n = 16). Results represent two independently performed experiments. Significance is represented by
*P<.05, *P < .01, ***P <.001. A Mann-Whitney U test was performed (control vs 20 mg/kg)

gram-negative E coli as well as bacteria in the phylum Bacteroidetes.
These increases were accompanied by comparable decreases in
members from the order Clostridiales.

3.5 | SCFAs are significantly decreased in the
cecum of MV allergic offspring

Due to the associations between the microbiome, SCFA production,
and asthma susceptibility, we also measured SCFAs in the cecum
of MC and MV allergic offspring. In both humans®® and mice,*® de-
creased levels of fecal SCFAs are associated with increased asthma

susceptibility and severity. In agreement with these studies, we
found that increased asthma severity in MV allergic offspring was
associated with significant decreases in cecal SCFAs. Correlation
analyses further indicated that increasing vancomycin dose during
pregnancy (Figure S3A-D), as well as increasing total bacterial num-
bers at G17 (Figure S4A-D), were correlated with decreased SCFA
concentrations in the offspring. As shown in Figure 5A and B, all MV
allergic offspring had significantly decreased concentrations of cecal
acetate and valerate, whereas cecal propionate was only decreased
inthe MV40 group (Figure 5C). Cecal butyrate was decreased in both
the MV20 and MV40 allergic offspring groups (Figure 5D). of which
MW20 displayed the most severe asthma phenotype. Decreased




90

1988 i ALHASAN ET L.
=% | wiLEY-Allergy - 2
(A) 80- (B) 0.8- FIGURE 5 Short-chain fatty acids
£ £ are decreased in the cecum of allergic
3 E‘ Fkk ek * 3 E‘ offspring whose mothers were treated
§ QO 60 § O 0.64 with vancomycin during pregnancy.
o %’ o L] o %’ Short-chain fatty acid concentrations in
= £ 204 E =] = = 0.4- Rk dkk ek the cecum of allergic offspring. A, Acetate,
=] —E— —i— gz v o B, valerate, C, propionate, D, butyrate.
% % o % % A Data information: Means £ SEM are
% *g 204 % 5 0.2- I shown, control (n = 18), prenatal 10 mg/
it G 8 E T I kg (n = 19), prenatal 20 mg/kg (n = 18),
< = =] prenatal 40 mg/kg (n = 16). Results
0 0.0 represent two independently performed
Control 10 20 4_(] Control 10 20 4_(] experiments. Significance is represented
Maternal vancoTyc:ln Maternal vanooTycm by *P < .05, **P < .01, **P < .001one-
treatment (mg/kg) treatment (mg/kg) way ANOVA or Kruskal-Wallis test with
c D Dunnett's multiple comparisons test (10,
© 15+ (©) 504 20, and 40 compared against control)
ES E=
J0 == 40- . A
= NE)
82 8>
o 104 o e = ]
ZE 22 30 ° .
el S E ]
= -
HaTTHy ity
20 o £
o5 g 22 104 o
L9 L5
<= <
0 0
Control 10 20 40 Control 10 20 40

Maternal vancomycin
treatment (mg/kg)

cecal butyrate concentrations in these groups were also associated
with significantly decreased Clostridium leptum gene numbers in the
feces (Figure 3D).

4 | DISCUSSION

We have designed the first mouse model in which maternal treat-
ment with antibictics only during pregnancy resulted in increased
asthma severity in the offspring. Our model is unique in that the
offspring were not exposed directly to the antibiotic. Other groups
have demonstrated that prenatal plus neonatal exposure to anti-
biotics resulted in increased offspring asthma severity; however,
these models also treated the offspring with antibiotic from birth
until allergy induction.>*** Russell et al (2013) tested the effect of
vancomycin given only during pregnancy on offspring asthma devel-
opment in mice, but found no difference between MV and MC aller-
gic offspring.:ﬁ‘ We propose that the difference observed between
studies reflects the mode of vancomycin delivery. Delivery of medi-
cation individually to mice with a pipet is an excellent alternative to
delivering antibiotics by gavage or via water bottles, Gavage is very
stressful for pregnant mice, while water bottle distribution of antibi-
otics is limited by the facts that (a) individual mouse dosage cannot
be measured precisely and (b) antibiotic may not reach the minimum
inhibitory concentration due to the small-dose, high-frequency man-
ner of water battle delivery.?’

Maternal vancomycin
treatment (mg/kg)

Maternal vancomycin treatment during pregnancy increased
offspring asthma severity in 2 dose-dependent manner. This is in
line with several human studies that show higher asthma risk in
children whose mothers were prescribed antibiotics several times
during pregnancy.3 MV allergic offspring displayed significantly
augmented inflammation in the lung tissue and BAL. Regarding
BAL cytokine levels, which are often reported to increase with
increasing asthma severity, we expected that animals with higher
inflammation would also display increased type 2 cytokines. To
our surprise, increased airway inflammation was associated with
significantly lower concentrations of 12 of the 23 measured BAL
cytokines. The type 2 cytokines IL-4 and IL-5 were among the cy-
tokines decreased in the MV20 and MV40 allergic offspring; IL-13,
however, did not show any difference between groups. Since the
decreased allergic offspring BAL cytokine concentrations were
correlated with increasing maternal vancomycin concentration,
this strongly reduces the possibility of random error. Additionally,
we have also observed this phenomenon using an unrelated prena-
tal risk model in our laboratory (unpublished information). At the
moment, we unfortunately cannot offer a firm explanation as to
why decreased cytokine levels were observed. This topic requires
specifically designed future studies to examine this question in
further detail.

Maternal vancomycin treatment during pregnancy was associ-
ated with microbial dysbiosis that was passed on to the offspring.
Both taxa-specific 165 rRNA gPCR and universal bacterial primer
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165 rRNA amplicon sequencing were used to analyze the intestinal
microbiota of both mothers and offspring at several different time
points. The two methods are complementary, with the former quan-
tifying the density of targeted populations and the latter providing
relative abundances of most bacterial taxa. At G17, maternal vanco-
mycin treatment was associated with substantial (Log 4) increases
in Entercbacteriaceae and unidentified Bacteroidetes. Given that
vancomycin mainly targets gram-positive bacteria,*® this bloom of
bacteria is likely due to the availability of new intestinal ecological
niches. Accordingly, at G17 we also observed log 4 decreases in ma-
ternal Clostridia. The maternal microbiota is thought to contribute
directly to the neonatal microbiome composition due to transfer of
bacteria during birth’ and, in mice, through consumption of maternal
feces by neonates in early life.®® Our analysis of the fecal microbi-
ota from the offspring supports this notion. Pups and adult allergic
offspring from vancomycin-treated mothers had an increased bac-
terial load that was contributed to by Enterobacteriaceas as well
as Bacteroidetes. Additionally, gPCR and amplicon seguencing con-
firmed that Clostridiales was also decreased in offspring at weaning.

In both humans *¢ and mice,*® changes to the microbieme are
associated with decreased levels of fecal SCFAs and increased
asthma susceptibility. Our study also demonstrated that MV al-
lergic offspring had significantly decreased cecal SCFA concen-
trations compared to their MC allergic counterparts. Further
analysis showed that both maternal vancomycin concentration
and maternal total bacterial load at G17 were significantly as-
sociated with decreased SCFA concentrations in allergic off-
spring, with butyrate being the most strongly impacted. Studies
have revealed the importance of this SCFA in allergic asthma,
demonstrating that butyrate supplementation during asthma
sensitization of adult mice resulted in protection against air-
way inflammation.”” Additionally, mice treated with vancomycin
since birth could be rescued from a severe asthma phenotype by
supplementation with butyrate during vancomycin treatment.*®
Butyrate acts as an inflammatory regulator, and several studies
have implicated butyrate in protection against asthma via FoxP3
induction on regulatory T cells and subsequent suppression of in-

flammatory Th9 cells in the allergic lung.’®

41 | Conclusion

We have established the first mouse model in which maternal an-
tibiotic treatment during pregnancy increases offspring asthma se-
verity. Increased asthma severity was accompanied by maternal and
offspring microbial dysbiosis, as well as decreases in offspring cecal
acetate, butyrate, and valerate concentrations. Our model is ideal
for mechanistic analysis of how antibictics given during pregnancy
can alter offspring immune system development and subseguent
disease susceptibility. Future analyses will examine SCFA produc-
tion in concert with fetal and neonatal development to better un-
derstand the effects of antibiotic use during pregnancy at critical
developmental time points.
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Supporting Information Figure $S1: Increasing vancomycin dose during
pregnancy correlates with increased asthma severity in allergic offspring.
Mothers were orally treated with 10, 20 or 40 mg/kg vancomycin + Ora-sweet syrup,
or control (water + Ora-sweet syrup) from G8-17 and the offspring were subjected to
an experimental asthma protocol. Increasing vancomycin dosage during pregnancy
is correlated with increased: A) Leukocytes in allergic offspring BAL. B)
Eosinophils in allergic offspring BAL. C) Offspring lung inflammation. D) Allergic
offspring goblet cell percentage. Data information: Pearson’s R correlation analysis
with multiple comparisons corrected by the Benjamini-Hochberg method.
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Supporting Information Figure S2: A kinetic of the fecal microbiome from
mothers and pups.

Mothers were orally treated with 10, 20 or 40 mg/kg vancomycin + Ora-sweet syrup,
or control (water + Ora-sweet syrup) from G8-17 and the offspring were subjected to
an experimental asthma protocol at weaning. A comprehensive intestinal microbiome
survey was performed to quantify the microbiome in individual fecal samples from
mothers and offspring at several different time points: Maternal samples were
collected before mating, at gestation day (G)17 and at weaning; offspring samples
were collected at weaning and after allergy induction. The following bacterial groups
are shown: A) Mouse intestinal Bacteroides. B) Clostridium coccoides / Eubacterium
rectale group. D) Lactobacillus group. Data information: Medians (black bars) are
shown, Maternal: control (n=6), 10 mg/kg, (n=8), 20 mg/kg (n=7), 40 mg/kg (n=6).
Offspring: prenatal control (n=18), prenatal 10 mg/kg (n=19), prenatal 20 mg/kg
(n=18), prenatal 40 mg/kg (n=16). Ssignificance is represented by *p<0.05, **p<0.01,
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***n<0.001, one way ANOVA or Kruskal-Wallis test with Dunnett's multiple
comparisons test (10, 20 and 40 compared against control).
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Supporting Information Figure S$3: Increasing vancomycin dose during

pregnancy correlates with decreased cecal SCFA levels in allergic offspring.
Mothers were orally treated with 10, 20 or 40 mg/kg vancomycin + Ora-sweet syrup,
or control (water + Ora-sweet syrup) from G8-17 and the offspring were subjected to
an experimental asthma protocol. Increasing vancomycin dosage during pregnancy
is correlated with increased: A) Allergic offspring cecal acetate, B) Allergic offspring
cecal valerate, C) Allergic offspring cecal propionate, D) Allergic offspring cecal
butyrate. Data information: Pearson's R correlation analysis with multiple
comparisons corrected by the Benjamini-Hochberg method.
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Supporting Information Figure S4: Increased total maternal fecal bacteria at
G17 correlates with decreased cecal SCFA levels in the offspring.

Mothers were orally treated with 10, 20 or 40 mg/kg vancomycin + Ora-sweet syrup,
or control (water + Ora-sweet syrup) from G8-17 and the offspring were subjected to
an experimental asthma protocol. Increasing total bacteria in mothers at G17 is
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correlated with increased: A) Allergic offspring cecal acetate, B) Allergic offspring
cecal valerate, C) Allergic offspring cecal propionate, D) Allergic offspring cecal

butyrate. Data information:

comparisons corrected by the Benjamini-Hochberg method.

Pearson’s R correlation analysis with multiple

Supporting Information Table S1: Primer sequences for fecal microbiome

analyses.
Target group Amplicion size |Annealing (°C) |Sequence 5'-3'

. . . F: CGGYCCAGACTCCTACGGG
Domain Bacteria (targets V3 region) 200 60 R: TTACCGOGGCTECTGGOAC
v—Protecbacteria / Enterobacteriaceae 517 60 F: AMACTCAAATGAATTGACGE

R: CTTTTGCAACCCACTCC
Bacteroides group, including Prevotella, 218 59 F: GAAGGTCCCCCACATTG
Porphyromonas R: CAATCGGAGTTCITCGTG
Mouse Intestinal Bacteroides 161 58 F: CCAGCAGCLGLGGTAATA

R: CGCATTCCGCATACTTCTC

F: ATCAGAGGGGGATAACACTT
Enterococcus genus 337 55

R: ACTCTCATCCTTGTTCTTCTC
Lactobacillus group including Leuconostoc, 341 58 F: CACCGCTACACATGGAG
Pediococcus, Aerococcus, Weissella R: AGCAGTAGGGAATCTTCCA
Clostridium 165 rRNA cluster IV 999 50 F: GCACAAGCAGTGGAGT
(Clostridium leptum subgroup) R:CTTCCTCCGTTTTGTCAA
Clostridium coccoides / Eubacterium rectale 499 55 F: CGGTACCTGACTAAGAAGC
group R:AGTTT(C/T)ATTCTTGCGAACG

. ) F: TCGCGTC(C/T)GGTGTGAAAG

Bifidobacterium genus 243 58

R:

CCACATCCAGC{A/G)TCCAC
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gut microbial dysbiosis, barrier disruption, and altered
immunity along the gut-lung axis
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Antibiotic use during pregnancy is associated with increased asthma risk in children.
Since approximately 25% of women use antibiotics during pregnancy, it is important
to identify the pathways involved in this phenomenon. We investigate how mother-to-
offspring transfer of antibiotic-induced gut microbial dysbiosis influences immune system
development along the gut-lung axis. Using a mouse model of maternal antibiotic expo-
sure during pregnancy, we immunophenotyped offspring in early life and after asthma

Dr. Melanie L. Conrad
e-mail: conradml@gmail.com

© 2023 The Authors. European Journal of Immunology published by Wiley-VCH GmbH www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution License, which permits
use, distribution and reproduction in any medium, provided the original work is properly cited.




98

W 2 of 15

Moumen M. Alhasan et al.

induction. In early life, prenatal-antibiotic exposed offspring exhibited gut microbial dys-
biosis, intestinal inflammation (increased fecal lipocalin-2 and IgA), and dysregulated
intestinal ILC3 subtypes. Intestinal barrier dysfunction in the offspring was indicated
by a FITC-dextran intestinal permeability assay and circulating lipopolysaccharide. This
was accompanied by increased T-helper (Th)17 cell percentages in the offspring’s blood
and lungs in both early life and after allergy induction. Lung tissue additionally showed
increased percentages of RORyt T-regulatory (Treg) cells at both time points. Our investi-
gation of the gut-lung axis identifies early-life gut dysbiosis, intestinal inflammation, and
barrier dysfunction as a possible developmental programming event promoting increased
expression of RORyt in blood and lung CD4+ T cells that may contribute to increased

Eur. J. Immunol. 2023;0:2350394

asthma risk.

Keywords: asthma - antibiotics -

pregnancy - Th17 cell - gut-lung axis

Additional supporting information may be found online in the Supporting Information section

at the end of the article.

Introduction

Antibiotic use during pregnancy and subsequent alterations to
the maternal and offspring gut microbiomes, are associated with
increased risk for the development of childhood asthma [1]. Dur-
ing infancy, the gut microbiota is established via a sequential pro-
cess [2-4], and interactions between immune cells and intestine
colonizing microbes are instrumental to educate the developing
immune system [5, 6]. This early-life process of host—commensal
interaction is critical for mucosal immunity and homeostasis, and
subsequently, perturbations to the system can have long-term
effects on immune function [7, 8]. Human studies have shown
significant differences in the early-life gut microbiota composi-
tion between asthmatic and nonasthmatic children [2, 9], and
germ-free mice have prominent immune system defects [10] and
increased asthma severity compared to WT mice [11]. Collec-
tively, these findings contribute to the Developmental Origins of
Health and Disease Hypothesis, which identifies critical develop-
mental “windows of opportunity” during the pre- and postnatal
time periods in which programming of immune cell subsets can
influence disease susceptibility later in life. Though epidemiologi-
cal [12, 13] and proof-of-concept mouse models [14, 15] provide
strong evidence for the association between antibiotic use dur-
ing pregnancy, gut microbial dysbiosis, and increased offspring
asthma susceptibility, the key players and pathways in this process
are still yet to be elucidated. Since 25-40% of pregnant women
use antibiotics [16, 171, it is increasingly important to understand
these underlying mechanisms.

Considering the gut-lung axis, the intestinal microbiota is
thought to have a far-reaching systemic influence that can
also impact pulmonary immunity [18, 19]. Studies show that
antibiotic-induced, gut bacterial dysbiosis transferred from the
mother can induce intestinal inflammation and barrier dysfunc-
tion in murine progeny [20], allowing bacterial constituents such
as lipopolysaccharide (LPS), access to the circulation [21]. There
are several ways that the microbiota can influence intestinal

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

inflammation, including dysregulation of short-chain fatty acid
(SCFA) production, secretory immunoglobulin A (sIgA) concen-
trations, and innate lymphoid cell (ILC) function. Taken together,
these candidate immune components can all also contribute to
barrier dysfunction. SCFAs are anti-inflammatory metabolites pro-
duced by the microbiota during dietary fibre fermentation, and
microbial dysbiosis results in decreased SCFA production due to
the elimination of particular bacterial clades. Reduced concentra-
tions of fecal acetate, propionate, and butyrate in early life are
associated with barrier dysfunction [22] and increased asthma
risk [2, 23]. Additionally, mouse models have shown that acetate
can influence sIgA concentrations in the small intestine, which
acts as a first line of defense at the mucosal surface by binding
to commensal bacteria [24]. Dysregulation of sIgA binding speci-
ficity can disrupt barrier function [25] and was observed to pre-
cede asthma development in children [26].

In addition to soluble molecules, gut immune cells can also
contribute to gut permeability in the inflamed intestine during
microbial dysbiosis. Of particular interest in this regard are the
ILCs, the innate counterparts of T cells that participate in the
establishment of mucosal immunity [27]. Intestinal ILC popula-
tions in mice increase significantly 2-4 weeks after birth, corre-
sponding to the rise in intestinal microbiota diversity that occurs
during the weaning process [28]. In the case of the gut-lung axis,
type 2 and 3 ILCs (ILC2 and ILC3) are of interest due to their
respective roles in allergy and gut epithelial homeostasis [29].
Though ILCs are normally tissue resident, recent evidence shows
that under inflammatory conditions, ILC2 subsets may migrate
from the intestine to the lungs [28, 30]. In addition to this, ILC3s
have been recently shown to “patrol” the intestinal barrier during
times of inflammation, and cessation this movement was asso-
ciated with intestinal barrier damage [31]. The mesenteric LNs
provide a robust connection between the intestine and the circu-
lation, and we propose that disruption of intestinal barrier func-
tion in early life may play a key role in susceptibility to allergic
asthma [21, 22].
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Figure 1. Experimental design. Pregnant
mice were treated orally, daily from G8
to G17 with 20 mg/kg vancomycin plus
Ora-Sweet syrup. Control mothers were
treated orally with water and Ora-Sweet.
At PN15, a group of pregnant mice and
their pups were sacrificed for analysis of
breast milk and offspring immune system
development. At weaning (PN21), female
offspring were subjected to an exper-

o

aerosol

- 5

imental asthma protocol consisting of
subcutaneous sensitization with OVA at
offspring age 21, 28, and 35, followed by

Plug Treatment 1.Prep 2.Prep asthma provocation with a 20-min daily

] | v/ | | | | 1 OVA aerosol challenge at offspring age 46,

GO G8 G17 PN15 PN21  PN28  PN35 PN49 47, and 48. G = Gestation day, PN = Post-
Age /Day natal day, OVA = Ovalbumin.

Though there is much evidence that gut dysbiosis alters the
developing mucosal immune system, there is still a paucity of
information regarding how maternal antibiotic use during preg-
nancy influences offspring immunity and asthma susceptibility. To
study this phenomenon, we recently developed a mouse model
in which maternal treatment with the antibiotic vancomycin dur-
ing pregnancy resulted in increased allergic asthma severity in
the offspring [15]. The objective of this research is to use our
newly developed mouse model to investigate how the transfer of
antibiotic-induced maternal gut dysbiosis to the next generation
influences gut permeability and immune system development in
the progeny along the gut-lung axis. We hope to delineate impor-
tant pathways that may be involved in the increased asthma sus-
ceptibility observed in our model. Further, we aim to assess the
persistence of these immune changes by examining the influence
of this early-life programming on susceptibility to allergic asthma
in adult mice.

Results
Experimental design

We previously established a model in which treatment of preg-
nant mice with vancomycin resulted in increased asthma severity
in the offspring [15]. For the present study, we treated pregnant
mothers with vancomycin from gestation day (G)8-17, then con-
ducted immunophenotyping of the offspring gut-lung axis both in
early life (postnatal day-PN15) and after asthma induction PN49,
shown in Fig. 1.

Vancomycin during pregnancy, offspring gut
dysbiosis, and decreased fecal SCFA concentrations

To temporally assess changes in the maternal and offspring gut
microbiota and SCFA concentrations after treatment with van-
comycin during pregnancy, we collected fecal samples at the
following time points: Maternal (before mating, at the end of
antibiotic treatment at gestation day (G)17, and at weaning post-

© 2023 The Authors. European Journal of Immunoclogy published by
Wiley-VCH GmbH

natal day (PN)21, offspring (at weaning at PN21, and after aller-
gic asthma induction at PN49). The top 16 abundant clades iden-
tified by 165 rRNA sequencing showed that G17 pregnant mice
had a marked gut dysbiosis on the last day of antibiotic treat-
ment when compared with control pregnant animals. This was
evidenced by a significantly increased abundance of the gen-
era Parabacteroides, Escherichia, and Sutterella. G17 antibiotic-
treated mothers also exhibited significantly decreased propor-
tions in unclassified members of the families Lachnospiraceae and
Rikenellaceae and the genera Oscillospira, Odoribacter, and Pre-
votella, shown in Fig. 2A and Supporting Information Table S1.
Analysis at weaning (PN21) confirmed the transgenerational
transmission of gut bacterial dysbiosis, as the gut microbiota
resembled each other in prenatal-control as well as prenatal-
antibiotic mother-offspring groups. In antibiotic-treated moth-
ers and offspring at PN21, we observed increased proportions
of the genera Akkermansia and Sutterella compared to con-
trols. The PN21 offspring also displayed increased proportions
of Bacteroides and Escherichia. Proportions of Lachnospiraceae,
Oscillospira, Odoribacter, and Prevotella decreased in mothers
from G17 to PN21, and these decreases were also observed in
their offspring. PN21 prenatal-antibiotic offspring also exhibited
decreased proportions of Rikenellaceae and Lactobacillus (Fig. 2B
and Supporting Information Table S1). Finally, prenatal-antibiotic
adult allergic offspring exhibited gut dysbiosis until PN49. This
was characterized by increased proportions of Akkermansia, Bac-
teroides, Parabacteroides, and Sutterella, and reduced Odoribac-
ter and Prevotella compared to PN49 prenatal-control allergic off-
spring (Fig. 2C and Supporting Information Table S1). In addition
to changes to the top 16 clades of the maternal and offspring gut
microbiota, there were also several significant changes observed
in less abundant bacterial groups including increased propor-
tions of the genus Blautia (PN21 and PN49), Supporting Infor-
mation Table S1. Decreased proportions of less abundant clades
included the genera Bilophila (G17), Butyricicoccus, Coprobacil-
lus, and Dorea (G17 and PN21), Candidatus (G17 and PN49) and
Clostridium, Coprococcus, Dehalobacterium, and Ruminococcus (all
time points), shown in Supporting Information Table S1.
Maternal antibiotic treatment during pregnancy also reduced
the gut microbiota a-diversity (Shannon index) in both mothers
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Figure 2. Antibiotic treatment during pregnancy alters the maternal and offspring gut microbiomes as well as fecal SCFA concentrations. Fecal
samples were collected from: Mothers (n = 7) before mating, after antibiotic treatment at G17, and at weaning at PN21; Offspring (n = 16) at weaning
PN21 and after allergic asthma induction at PN49 (prenatal-control n = 16, prenatal-antibiotic n = 12). (a-c) taxonomic bar plots of 16S rRNA gene
frequencies in feces. White space on top of a bar represents lower-abundance taxa. Classification: k - kingdom; p - phylum; f - family; g - genus. Each
bar represents one mouse. (d) Shannon index (a-diversity) of the fecal gut microbiota from mothers and offspring. (e) Principal component analysis
comparing fecal bacterial communities in prenatal-control and prenatal-antibiotic offspring at weaning and after allergic asthma induction. (f)
Short-chain fatty acid concentrations in maternal and offspring feces: acetate, propionate, butyrate, and isovalerate. Means + SEM are shown.
Data shown is pooled from two replicated experiments showing the same trends and significance is represented by *P < .05, *p < .01, **p < .001.
Student’s t-test or Mann-Whitney test of antibiotic exposed animals compared against control animals at each specific time point.
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and their offspring at all time points, shown in Fig. 2D. Principal
component analysis of the offspring at weaning and after allergy
induction revealed that prenatal-control offspring grouped
together regardless of age and asthma induction; likewise,
prenatal-antibiotic offspring grouped together at both of these
time points. Antibiotic treatment during pregnancy was more of a
determining factor for gut microbiome composition than asthma
induction, showing a large shift in community composition when
compared to prenatal-control offspring (Fig. 2E).

Finally, we sought to investigate if the antibiotic-induced
changes to the intestinal bacterial community were associated
with temporal changes in fecal SCFA concentrations. We showed
that antibiotic treatment during pregnancy resulted in signifi-
cantly reduced acetate, propionate, butyrate, and isovalerate in
the feces of G17 antibiotic-treated mothers when compared with
control mothers, shown in Fig. 2F. These decreased SCFA concen-
trations persisted until weaning at PN21 and were also observed
in the offspring (with the exception of isovalerate). In adult aller-
gic offspring at PN49, though propionate and butyrate levels in
prenatal-antibiotic offspring returned to similar levels as prenatal-
control offspring, acetate still remained significantly decreased
in the antibiotic exposed group (Fig. 2F). In summary, maternal
antibiotic treatment during pregnancy resulted in a low diversity,
dysbiotic maternal gut microbiota that was transferred to the off-
spring. This was associated with significant reductions in fecal
SCFA concentrations in the mothers and offspring that persisted
until weaning and, in the case of acetate, into adulthood.

PN15 prenatal-antibiotic offspring have increased IgA,
intestinal inflammation, and decreased weight

During the postnatal period, a dysbiotic maternal gut microbiota
could influence maternal intestinal adaptations to lactation as
well as breast milk composition, with possible effects on off-
spring weight, gut health, and subsequent immune system devel-
opment. The maternal intestine adapts to the demands of lacta-
tion by increasing in length and area for nutrient absorption [32],
thus, we first assessed if the dysbiotic maternal gut microbiota
in our model was associated with changes to intestinal growth
of lactating mothers at PN15. As shown in Fig. 3A and B, we
observed no differences in intestinal length or villi-crypt length in
prenatal-control versus prenatal-antibiotic treated mothers. Next,
to investigate if maternal gut microbial dysbiosis was associated
with changes in immunological components in the breast milk,
we obtained milk from lactating mothers at PN15. Measurement
of 23 cytokines in PN15 milk revealed that of the detectable
cytokines (IL-1a, eotaxin, G-SCE KC, RANTES, and TNF-u) no dif-
ferences were observed in milk from lactating mothers, shown in
Fig. 3C. Additionally, examination of SCFAs revealed that though
acetate, propionate, and butyrate were measurable in the milk,
there were no differences between prenatal-control and prenatal-
antibiotic mothers, Fig. 3D.

Finding no changes in breast milk cytokines or SCFAs, we
next examined if vancomycin treatment during pregnancy could

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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influence maternal or offspring IgA concentrations. As shown
in Fig. 3E, prenatal-antibiotic mothers had significantly higher
serum IgA and milk sIgA concentrations compared to prenatal-
control mothers. Further, we observed increased serum IgA con-
centrations and increased fecal sIgA concentrations in prenatal-
antibiotic PN15 offspring (Fig. 3F). Intestinal inflammation at
PN15 was evidenced by significantly increased fecal lipocalin-2
concentrations compared to controls, shown in Fig. 3G. Finally,
we observed decreased weight in PN15 offspring from antibiotic-
treated mothers as compared with the control group (Fig. 3H).
These results show that maternal antibiotic use during pregnancy
and the ensuing gut dysbiosis transferred to the offspring is asso-
ciated with increased IgA concentrations and intestinal inflam-
mation in both PN15 mothers and their offspring, as well as
decreased offspring weight, compared to control animals.

Prenatal-antibiotic offspring have gut dysbiosis,
barrier disruption, and changes in ILC3 subtypes

As intestinal inflammation could influence mucosal immune sys-
tem development, we next immunophenotyped the offspring’s
small intestinal lamina propria (SI-LP), both in early life and after
asthma induction. Flow cytometric analysis showed no changes
in the absolute number of SI-LP CD45" intestinal leukocytes,
however, increased percentages of these cells were observed in
both PN15 and PN49 prenatal-antibiotic offspring compared with
prenatal-control offspring, shown in Fig. 4A. Examination of Th
cells revealed that CD4" T-cell percentages were increased in
PN15 prenatal-antibiotic offspring and decreased in PN49 adult
allergic offspring, (Fig. 4B). Though maternal antibiotic treatment
did not influence the T-bet™ or RORyt™ percentages at PN15,
GATA3" CD4 T cells were significantly decreased in prenatal-
antibiotic offspring in comparison to controls (Fig. 4C). Exami-
nation of CD4* T-cell transcription factors in adult allergic off-
spring revealed that prenatal-antibiotic allergic offspring SI-LP
had global reductions in T-bet, GATA3, and RORyt percentages.
Reductions in the RORyt populations were observed in both
RORytt FoxP3" Th17 cells and RORyt™ FoxP3* CD25% Tregs
(Fig. 4C).

We additionally assessed SI-LP ILC populations, due to their
importance in the maintenance of gut homeostasis and the
establishment of gut lymphoid structures [33, 34]. ILC analysis
revealed a reduction in total ILC percentages at both PN15 and
PN49 in prenatal-antibiotic offspring. Though percentages of ILC
subtypes ILC1 and ILC3 were not affected in general, ILC2 per-
centages were slightly increased in the small intestine of PN49
prenatal-antibiotic allergic offspring, Fig. 4D. Subpopulation anal-
ysis of SI-LP ILC3s showed significantly decreased percentages
of NCR+ ILC3s (CCR6" T-bet™), accompanied by significantly
increased percentages of NCR- ILC3s (CCR6™ T-bet), shown in
Fig. 4E, mimicking disproportions already observed in inflamma-
tory bowel diseases [35].

Finally, to assess if the intestinal inflammation observed in
prenatal-antibiotic PN15 offspring was associated with changes in
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SI-LP ILC3 subsets, accompanied by a significant reduction in gut

gut barrier integrity, we next performed a FITC-dextran intestinal
barrier integrity in prenatal-antibiotic offspring in early life.

permeability assay. As shown in Fig. 4F, PN15 prenatal-antibiotic
offspring serum contained significantly higher concentrations of
FITC-dextran, indicating barrier disruption in these animals com-
pared to prenatal-control animals. Allergic offspring were also
tested in this manner, and though there was a trend towards
increased serum FITC-dextran in the serum of allergic offspring
from antibiotic-treated mothers, it was not significant (Fig. 4F).
Taken together, these results show that early-life gut microbial
dysbiosis is associated with increased inflammatory markers on

Measurable endotoxin and increased Th17-cell
percentages in prenatal-antibiotic offspring blood

Since maternal vancomycin treatment led to the expansion
of Gram-negative bacterial clades, increased intestinal inflam-
mation, and reduced gut barrier integrity, we next assessed
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total ILCs). (€) CCR™ T-bet™, NCR+ ILC3s (percent of ILC3s), CCR* T-bet”, NCR- ILC3s (percent of ILC3). (f) Serum FITC concentration as measured by a
FITC-dextran intestinal permeability assay. (a-e) All groups n = 16. (f) PN15 Prenatal-control and PN15 Prenatal-antibiotic n = 8, allergic offspring all
groups n = 5 Mean + SEM are shown. Data shown is pooled from two replicated experiments showing the same trends and significance. Significance
is represented by *p < .05, **p < .01, **p < .001. Student’s t-test or Mann-Whitney test of antibiotic exposed compared against control at each specific
time point.

© 2023 The Authors. European Journal of Immunology published by www.eji-journal.eu
Wiley-VCH GmbH

o Ko




104

W 8 of 15

Moumen M. Alhasan et al.

the possibility that microbial compounds, such as LPS, might
have been disseminated to the circulatory system. As shown
in Fig. 5A, prenatal-antibiotic G17 mothers and PN15 (but not
PN49) offspring had significant concentrations of LPS in the
blood when compared with prenatal-control samples. As this
observed LPS increase could also influence blood immune cell
populations, we next performed a flow cytometric analysis of
lymphoid and myeloid cell types in the blood. Examination
of circulating immune cell populations revealed fewer leuko-
cytes in prenatal-antibiotic offspring at PN15, although no differ-
ences were observed in CD45 cell percentages. These differences
resolved in adult offspring after asthma induction at P49, Fig. 5B.
Mpyeloid cell analysis revealed no differences in the percentage
of Ly6C™ monocytes, LybG* neutrophils, or SiglecF+ eosinophils
(Fig. 5C), however, MFI analysis revealed significantly increased
expression of eosinophil activation markers SiglecF and CD11b
in prenatal-antibiotic offspring blood, both during early life and
after allergy induction (Fig. 5D). Finally, supporting the fact that
LPS is a known inducer of the transcription factor RORyt and the
differentiation of naive CD4" T cells into Th17 cells [36], tran-
scription factor analysis revealed though there were no changes in
the total CD4™ T-cell population (Fig. 5E) or the T-bet and GATA3
subpopulations (Fig. 5F), we observed a marked increase in Th17
cells in the blood of prenatal-antibiotic offspring compared with
prenatal-control offspring at both PN15 and PN49 (Fig. 5F). No
changes were observed in the CD4" FoxP3* CD25* population at
any time point and RORyt Tregs were not detectable in the blood
of any group (Supporting Information Figure S1). This analysis
demonstrates that offspring from antibiotic-treated mothers have
circulating LPS in early life, which is in turn associated with a sus-
tained increase in Th17 cell percentages in the blood of offspring
from early life until adulthood.

Prenatal-antibiotic offspring lungs exhibit increased
RORyt T cells and more severe asthma

To complete our assessment of the gut-lung axis, we immunophe-
notyped lung tissue from offspring at both the early life (PN15)
and allergic adult (PN49) time points. As shown in Fig. 6A,
lung tissue from PN15 prenatal-antibiotic offspring had signifi-
cantly higher leukocyte numbers compared with prenatal-control
offspring. No differences were seen in absolute leukocyte num-
bers in allergic animals or leukocyte cell percentages in any
of the groups. Examination of lung tissue ILCs revealed that
though there were no differences in total ILC percentages at
PN15 or PN49, prenatal-antibiotic allergic offspring had signifi-
cantly increased ILC2 percentages (Fig. 6B). Analysis of myeloid
cells revealed that only neutrophils were significantly reduced in
prenatal-antibiotic offspring at PN15. As expected, allergic off-
spring from antibiotic-treated mothers had increased lung tissue
macrophages and eosinophil percentages compared to allergic off-
spring from control mothers, indicating a more severe asthma
phenotype (Fig. 6C). Finally, examination of T-cell populations
in the lung tissue revealed a significant increase in both Thl7

© 2023 The Authors. European Journal of Immunology published by
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and RORyt™ Treg percentages in the offspring lung tissue, both
in early life and after allergy induction. No differences were seen
in CD4*, T-bet™, or GATA3™ T-cell percentages (Fig. 6D). Con-
firming our previous observations of increased asthma severity in
prenatal-antibiotic offspring [15], we also demonstrate increased
airway reactivity (Supporting Information Fig. S2A), increased
eosinophils, and lymphocytes in the bronchoalveolar lavage (BAL)
(Supporting Information Fig. S2B) as well as increased serum
total 1gG, OVA-specific 1gG1, and OVA-specific IgE in prenatal-
antibiotic offspring compared to their prenatal-control counter-
parts (Supporting Information Fig. S2C).

Discussion

Using a mouse model, we show that antibiotic use during preg-
nancy resulted in maternal gut microbial dysbiosis and decreased
SCFA concentrations that were also observed in the next gener-
ation. Offspring gut dysbiosis in early life was associated with
decreased fecal SCFA concentrations as well as increased IgA and
lipocalin-2 concentrations, which is indicative of intestinal inflam-
mation [25, 37]. Decreased gut barrier integrity in PN15 prenatal-
antibiotic offspring was shown using both a FITC-dextran per-
meability assay and measurement of significant levels of LPS in
offspring serum. Finally, increased CD4+ RORyt"™ T-cell percent-
ages were found in offspring blood and lung tissue in both early
life and after allergy induction. We propose that the dysbiotic gut
microbiota, intestinal inflammation, and disruptions to intestinal
integrity that we observed during early life, reveal a potential gut—
lung axis pathway that merits further investigation with regard to
the offspring asthma severity previously observed in this model
[15].

During the postnatal time period, the maternal gut microbiota,
breast milk sIgA, and SCFAs play a major role shaping bacte-
rial populations in the neonatal intestine. Breast milk sIgA pro-
motes intestinal homeostasis in the progeny by directly binding
to bacteria [38], and it was shown in 12-month-old children that
decreased binding to Bacteroides and E. coli in the gut was asso-
ciated with increased childhood asthma risk [26]. Increased fecal
sIgA concentrations are a marker of intestinal inflammation and
barrier dysfunction [25], and in our model, we observed increased
fecal sIgA in the progeny of antibiotic-treated mothers. With
regard to intestinal integrity, mouse studies demonstrate that dis-
ruption of IgA was associated with Proteobacteria overgrowth and
inflammation [39], as well as translocation of bacteria across the
intestinal epithelium in nursing mice [40]. We also observed Pro-
teobacteria overgrowth and increased IgA in the neonatal intes-
tine, accompanied by increased fecal lipocalin-2 concentrations
suggesting intestinal inflammation. Furthermore, sIgA binding to
commensal bacteria is promoted by the SCFA acetate [24, 417 and
we also observed decreased fecal acetate in our prenatal-antibiotic
offspring. Since evidence suggests that mice with low SCFA con-
centrations have impaired antibody responses [42], examination
of IgA-commensal bacteria binding specificity warrants further
study. Taking into account this information, we propose that the
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increased relative abundance of Proteobacteria observed in our
model combined with decreased acetate and increased sIgA con-
centrations contribute to intestinal inflammation in early life.

An additional interesting finding from our study was the
changes in ILC3 populations observed in prenatal-antibiotic com-
pared to prenatal-control offspring. We observed dysregulation of
ILC3 subtypes, characterized by increased NCR- ILC3 (CCR6*, T-
bet’) and a concurrent decrease in NCR* ILC3 (CCR6", T-bet*)
percentages at both time points. ILC3s are essential for main-
taining mucosal homeostasis in the intestine [29], and we pro-
pose that a combination of intestinal inflammation and alter-
ation of ILC3 subsets may have contributed to a disrupted
intestinal barrier in early life. Indeed, an FITC-dextran intestinal
permeability assay revealed loss of intestinal integrity in prenatal-
antibiotic offspring, and further detection of LPS in the circula-
tion of these offspring indicates the systemic dissemination of
Gram-negative microbial components from the dysbiotic intestine.
Increased concentrations of bacterial components in the blood
have previously been associated with gut microbial dysbiosis in

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

both humans [43] and mice [44, 45]. LPS is a strong mediator
of immunity and is associated with several systemic inflammatory
effects, the most prominent of which is the generation of CD4*
RORyt™ T cells [46, 47]. We propose that systemic LPS dissemina-
tion from a disrupted intestinal barrier in early life is an important
pathway that merits further study.

In our model, examination of lung tissue from prenatal-
antibiotic offspring showed increased CD4" RORyt* T cells (both
Th17 and FoxP3) and decreased neutrophil percentages in early
life. After allergy induction in these animals, we observed a more
severe asthma phenotype, evidenced by increased eosinophil and
ILC2 percentages, and significantly higher airway reactivity com-
pared to allergic prenatal-control animals. This is in line with our
previous results demonstrating more severe asthma in offspring
from mothers treated with antibiotics during pregnancy [15].
Though allergic responses are primarily associated with Th2 cells,
recent studies indicate that Th17 cell responses are more inter-
connected in the allergic process than previously thought [48].
Th17 cells are associated with increased asthma severity in human
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patients [49] and Na et al. (2018) recently demonstrated that
mice deficient in either IL-17A, IL-17E or RORyt showed attenu-
ated Th2 and Th17 responses in a mouse model of allergic asthma
[50]. 1t was further shown in vitro that blockade of RORyt lim-
ited the differentiation of human naive CD4 T cells into Th2 or
Th17 cells, indicating a close linkage between these cell types
. The increased Th17 and RORyt Treg percentages observed in
the blood and lung tissue of prenatal-antibiotic offspring indicate
a possible, previously underestimated participation of these cell
types in the establishment of lung mucosal immunity in early life
and contribution to asthma exacerbation.

In summary, we show that maternal treatment with antibi-
otics during pregnancy resulted in gut microbial dysbiosis that
was transferred to the next generation. Offspring gut micro-
bial dysbiosis was associated with dysregulation of immunity
along the gut-lung axis in early life, beginning with intestinal
inflammation and gut barrier disruption, LPS dissemination to
the circulation and cumulating in significantly increased per-
centages of Th17 cells in the blood and Th17 cells and RORyt
Tregs in the lung. We propose that these processes represent
a major pathway for future research regarding how antibiotics
during pregnancy can contribute to increased offspring asthma
susceptibility.

Materials and Methods

Animals

A 12-week-old BALB/c mice were obtained from Janvier Labs (Le
Genest-Saint-Isle).and housed under specific pathogen-free con-
ditions, five animals per cage, with a 12/12 light/dark cycle and
food and water available ad libitum. The animal experiment was
approved by the Berlin authorities (Landesamt fiir Gesundheit
und Soziales-LAGeSo0) and performed according to German and
international regulatory guidelines.

Experimental design

Mice were mated, and the presence of a vaginal plug was denoted
as gestation day G(0) of pregnancy. From G8-G17, pregnant mice
received a daily oral dose of the antibiotic vancomycin (Sigma—
Aldrich, 20 mg/kg body weight) mixed with Ora-Sweet syrup
(Paddock Laboratories). The mixture was freshly prepared (25 pL
vancomycin solution + 15 pL Ora-Sweet) and a 40 pL volume was
delivered through drops from a pipet that were voluntarily con-
sumed by the mice. Control mice were sham treated with water
and Ora-Sweet. At PN15, breast milk was collected from the moth-
ers, then mothers and pups were euthanized for organ collection.
The remaining pups were weaned from their mothers at PN21
and female pups were subjected to an adjuvant-free experimental
asthma protocol [51]. Sensitization was performed at offspring

© 2023 The Authors. European Journal of Immunology published by
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age 21, 28, and 35 days, by subcutaneous injection of 10 pg OVA
VI (Sigma) in 200 pL PBS. Asthma exacerbation in the lungs was
provoked by a 20-min daily aerosol challenge with 1% OVA V
(Sigma) at offspring age 46, 47, and 48. On day 49 of the proto-
col, airway reactivity was measured in allergic animals, then they
were euthanized for organ harvesting and analysis. The protocol
is shown in Fig. 1.

Fecal intestinal microbiota, SCFA, and lipocalin-2
analyses

16S rRNA sequencing

To assess the microbial composition of the maternal and offspring
gut microbiota, fecal samples were collected at the following time
points: maternal (before mating, after antibiotic treatment at G17,
and at weaning PN21), offspring at weaning (PN21) and after
allergic asthma induction (PN49). Feces were flash frozen with
liquid nitrogen and stored at —80°C until analysis. 165 rRNA
sequencing was performed by Microbiome Insights Inc. as per
the following procedure. A PowerSoil for KingFisher kit (MO
Bio) was used to extract DNA, then 16S rRNA gene fragments
from the V4 region were amplified with the following bar-coded
primers (5'-3"): fwd: GTGCCAGCMGCCGCGGTAA, rev: GGAC-
TACHVGGGTWTCTAAT. PCR amplicons were pooled and diluted
to 20 ng/mL and a MiSeq 2000 bidirectional Illumina sequencing
and Cluster Kit v4 (Macrogen) was used for sequencing. A TruSeq
DNA Sample Prep v2 Kit (Illumina) was used for Library prepara-
tion (100 ng DNA/sample) and Qubit (Thermo Fisher Scientific)
was used to quality check and quantify the library. A modified
MOTHUR standard operating procedure was used to trim, quality
filter, and cluster sequence data into operational taxonomic units
(97% identity) [52]. Per sample, an average of 31 554 quality-
filtered reads were generated, totaling 8631 operational taxo-
nomic units that were taxonomically annotated with the SILVA
database [53]. Phyloseq was used to generate global community
structure comparisons [54].

Analysis of maternal and offspring fecal SCFA
concentrations

Fecal samples from the previously mentioned time points were
also analyzed for SCFA concentrations. Measurements were per-
formed using an HP 5890 series II gas chromatograph (Hewlett-
Packard) with an HP-20 M column and a flame ionization detec-
tor. Feces were diluted and centrifuged, then the supernatant was
mixed with 1 M NaOH, 0.36 M HCIO,, and 2-ethylbutyric acid as
an internal standard. This was then lyophilized overnight, then
redissolved in 5 M formic acid plus 400 pL acetone. The resulting
mixture was centrifuged, then 1 mL of supernatant was injected
into the gas chromatograph.
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Lipocalin-2 analysis

PN15 fecal samples were weighed, homogenized, and resus-
pended in 1 mL PBS + 0.05% TWEEN20, then centrifuged at
12 000 rpm for 10 min. Supernatant was diluted 1:100 and ana-
lyzed using a lipocalin-2 ELISA (BioLegend) according to the man-
ufacturer’s instructions.

Collection of PN15 maternal milk

To allow for milk accumulation in PN15 lactating mothers, off-
spring were separated from their mothers 4 h prior to milk har-
vest. Lactating mice from control- and antibiotic-treated groups
were injected intraperitoneally with 1 IU of oxytocin (Sigma-
Aldrich) in 50 pL PBS to stimulate milk flow. For milk collection,
mice anesthetized with ketamine and xylazine were placed on a
heating pad and breast milk was collected for 20 min using a spe-
cially constructed breast pump, protocol adapted from Ref. [55].
After milk collection, mother mice were sacrificed, blood was col-
lected from the orbital sinus and serum was frozen at —80°C.

Collection of PN15 and PN49 offspring tissues

Blood samples

Offspring were euthanized and blood samples were collected from
the orbital sinus of either PN15 or PN49 allergic offspring. One
blood sample was used immediately for flow cytometry (under-
going RBC lysis, followed by staining with antibodies) and one
sample was centrifuged for serum isolation, then stored at —80°C.

Small intestine

Small intestine lamina propria was harvested according to a pro-
tocol adapted from Ref. [56]. In short, the small intestine was
dissected (removing the Peyer’s patches), cleaned, cut into pieces,
and digested in Hanks balanced salt solution with collagenase D
(Sigma), DNasel (Roche), dispase (Sigma), and FBS (Sigma).
Immune cells were purified on a Percoll gradient and subse-
quently stained and analyzed by flow cytometry as previously
described [56].

Lungs

In PN49-allergic offspring, BAL was performed via a tracheal can-
ula using 1 mL of PBS, containing a complete protease inhibitor
cocktail (Roche). Both PN15 and PN49 lungs were removed and
digested following the protocol from Ref. [57]. Briefly, lungs
were cut into pieces and digested with collagenase and DNase 1

© 2023 The Authors. European Journal of Immunology published by
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(Roche) in RPMI medium with FBS. After digestion and straining,
cells were subjected to red cell lysis and then analyzed by flow
cytometry.

Small intestine, blood, and lung flow cytometry in
PN15 and PN49 offspring

Intestine staining antibodies

Isolated cells from the small intestine were stained with a Zom-
bie aqua viability kit (BioLegend) and then with the following
antibodies (CCR6, CD4, IL-17RB, CD25, FoxP3, CD45, CD127 (IL-
7Ra), EOMES, GATA3, Ki-67, KLRG1, Live dead, NKp46, RORyt,
ST2, T-bet, CD90.2 and lineage (CD3e, CD5, CD19, Grl, TCRg,
TCRy8). CD4 T cells were checked later for CD3 positivity.

Blood staining antibodies

After RBC lysis, blood leukocytes were stained with a Zombie aqua
viability kit (BioLegend) and then with the following antibodies
for lymphocytes (B220, CD3, CD4, CD8), myeloid cells (Ly6C,
Ly6G, CD11b, CD11c, SiglecF), and transcription factors (RORyt,
T-bet, GATA3, and FoxP3).

Lung staining antibodies

After staining with a viability dye, samples were stained with anti-
bodies for myeloid cells (CD11b, CD11c, CD45, CD49b, FceR1a,
Ly6C, F4/80, Ly6G and SiglecF), ILC2s (CD45, CD90.2, GATA3,
KLRG1, RORyt, ST2), and lineage (B220, CD3, CD4, CD11b,
CD1lc, CD19, FeeRla, Ly6G, NK1.1, TCRS, TCRyS, TER119).
Lungs were also stained with the previously mentioned lymphoid
and transcription factor blood panels.

Stained cells were analyzed using a BD LSR Fortessa X-20 (BD
Biosciences) or MACSQuant Analyzer 10 (Miltenyi Biotech). Gat-
ing strategies for all panels are located in Supporting Information
Fig. S3-5.

BAL and differential cell counts in PN49 allergic
offspring

BAL was centrifuged, the supernatant was stored at —80°C, and
total leukocytes were counted with a Neubauer chamber. Differen-
tial cell counts were performed on cytospin preparations stained
with Diff-Quick (Merz & Dade) using standard morphological cri-
teria for cell type identification. Two hundred cells were counted
per cytospin by a researcher blinded to the sample names.
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Serum and breast milk antibody measurement

Sandwich ELISA was used to measure breast milk sIgA in
PN15 mothers, serum IgA in PN 15 mothers and offspring,
and fecal sIgA concentrations in PN15 offspring. Additionally,
total 1gG, OVA-specific IgG, and OVA-specific IgE were mea-
sured in the serum of PN49 allergic offspring by ELISA (BD
Bioscience).

Serum LPS (endotoxin) measurement

Serum samples from G17 mothers, PN15 offspring, and PN49
offspring were diluted 1:100 in LAL (endotoxin-free) water and
heat treated for 10 min at 80°C. Endotoxin concentration was
measured using a kinetic turbidimetric test by Mikrobiologisches
Labor Dr. Michael Lohmeyer GmbH.

Measurement of airway reactivity

Airway reactivity was measured in allergic offspring at PN49 by
using a FlexiVent ventilator (SCIREQ). Mice were anesthetized
and mechanically ventilated with a tidal respiratory rate of
150/min and a tidal volume of 10 mL/kg. Assessment of lung
function was performed at baseline, followed by aerosolized
methacholine (Sigma-Aldrich) at increasing doses (0.625, 1.25,
2.5, 5, 10, 20, and 40 mg/mL). Airway resistance is reported as
Newtonian resistance.

FITC-Dextran intestinal permeability assay

Pregnant mice were treated from G8 to G17 orally with 25 pL
of either vancomycin (20 mg/kg) or water mixed with 15uL
Ora-Sweet. On PN15, female offspring were separated from their
mothers for 1.5 h and then gavaged with 500 mg/kg of 4 KDa
FITC-Dextran (Sigma). Food and water were removed for 1.5 h,
then the animals were euthanized, and blood was collected from
the retro-orbital sinus. Serum samples were diluted at 1:4, loaded
on a black 96-well plate, and measured with the plate reader
(Infinite® 200 PRO) at an excitation wavelength of 485 nm and
an emission wavelength of 530 nm.

Statistical analysis

Samples were tested for normal distribution using a Shapiro-Wilk
normality test. Parametric or nonparametric data were analyzed
using either Student’s t-test or a Mann-Whitney U test, respec-
tively. Graphing and statistical tests were performed using the
software GraphPad Prism 9.
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Supplementary Tables and Figures

Supplementary Table 1: Phylogenetic classification of bacterial clade changes in the faeces from
antibiotic treated versus control mothers (time points G17 and PN21), as well as their Prenatal-
Antibiotic compared with Prenatal-Control offspring (time points PN21 and PN49). Measured by
16S rRNA sequencing. Classification: k - kingdom; p - phylum; o — order; f - family; g - genus.
Grey highlighted cells represent the most abundant clades. Student’s t-test or Mann Whitney test
of antibiotic exposed compared against control at each specific time point. A blank cell = no
difference between control and antibiotic treated groups. *P < .05, **P < .01, ***P < .001. ****P <

0.0001.

Mother after |Mother weaning|Offspring weaning |Offspring asthma

antibiotics (G17) (PN21) (PN21) (PN49)
g_Akkermansia Inc* TpEsts Inc**
g_Bacteriodes Inc**** Inc****
p_Bacteroidetes Inc*** Inc*
g_ Blautia Inc* Inc**** Inc*
f Desulfovibrionaceae Inc**
f__Enterobacteriaceae Inc*
g_ Escherichia Inc** Inc****
g Parabacteroides Inc** Inc* Inc****
p_ Proteobacteria Inc**
p_Proteobacteria Inc**** Inc* Inc****
g Sutterella Inc*** Inc*** Inc** Inc*
p_Verrucomicrobia Inc* Inc**** Inc**
o__Bacteroidales Dec* Dec**** Dec****
g Bilophila Dec**
g Butyricicoccus Dec*** Dec** Dec*
g Candidatus_Arthromitus Dec*** Dec**
g Clostridium Dec*** Dec* Dec*
g Clostridium Dec*** Dec** Dec**
g Clostridium Dec*** Dec** Dec***
g Coprobacillus Dec** Dec* Dec**
g Coprococcus Dec*** Dec** Dec**** Dec**
g Dehalobacterium Dec*** Dec*** Dec**** Dec**
g Dorea Dec*** Dec*** Dec*
f_Fle Dec*** Dec** Dec*
p__ Firmicutes Dec*** Dec* Dec**** Dec**
p_Firmicutes Dec**** Dec*** Dec***
f Lachnospiraceae Dec*** Dec** Dec**
g lactobacillus Dec*
f__Mogibacteriaceae Dec* Dec**
g Oscillospira Dec*** Dec** Dec***
g Odoribacter Dec**** Dec**** Dec**** Dec****
g_ Prevotella Dec** Dec*** Dec**** Dec****
g_ Prevotella Dec*** Dec**** Dec****
o RF39 Dec *** Dec* Dec***
f__Rikenellaceae Dec** Dec*
f _Ruminococcaceae Dec**** Dec** Dec**** Dec**
g Ruminococcus Dec**** Dec** Dec** Dec***
f S24-7p (o Bacteriodales) Dec*** Dec* Dec**** Dec***
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Supplementary Figure 1
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Supplementary Figure 1

Analysis of Treg and RORyt Treg populations in the blood of Prenatal-Control versus Prenatal-
Antibiotic offspring in early life at PN15 and after allergy induction at PN49. a FoxP3+ CD25+
Tregs (from CD4+ T cells). b RORyt+ FoxP3+ Tregs (from CD4+ T cells). a-b Prenatal-Control
offspring and Prenatal-Antibiotic offspring n = 16. Means + SEM are shown. Data shown is pooled
from two replicated experiments showing the same trends. Student's t-test or Mann Whitney test
found no significant difference between antibiotic exposed compared against control at each
specific time point.
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Supplementary Figure 2
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Supplementary Figure 2

Antibiotic treatment during pregnancy results in a more severe asthma phenotype in the offspring.
a Methacholine Dose-response curve demonstrates a significant increase in airway
hyperreactivity (expressed via Newtonian resistance) in Prenatal-Antibiotic allergic offspring. b
Differential cells count of bronchoalveolar lavage (BAL) cytospins of allergic offspring; Leukocytes,
eosinophils, macrophages, lymphocytes, and neutrophils. ¢ Allergic offspring serum antibody
measurements via ELISA; Total IgG1, OVA specific IgG1, OVA specific IgE. Means + SEM are
shown, Airway reactivity test (n = 12), Cytospins (n=16), total IgG1 and OVA IgE measurements
(n=13), OVA IgG1 (n=9). Significance is represented by *P < .05, **P < .01, ***P <.001, Student’s
t-test or Mann Whitney test of prenatal-Antibiotic offspring compared against Prenatal-Control.
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Supplementary Figure 3
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Supplementary Figure 3

Flow cytometry gating strategy for the small intestine lamina propria. a After removing doublets
and dead cells, leukocytes were isolated via CD45 and three groups were examined. CD4+ T cells
and the subpopulations T-bet+, GATA3+ and RORyt+. b Total ILCs were defined as Lin- CD127
then from this gate, ILC subgroups were identified as follows: ILC1 (T-bet+ GATA3-, RORyt-),
ILC2 (GATA3+, RORyt-) and ILC3 (RORyt+, GATA3-). ¢ ILC3 subpopulations were identified as
NCR- (CCR6+, T-bet-), NCR+ (CCR6-, T-bet+), and CCR6+, T-bet+. Lineage mix contained
(CD3e, CD5, CD19, Gr1, TCRp, TCRy3).
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Flow cytometry gating strategy for the lung and blood lymphoid cells and blood myeloid cells. First
leukocytes were gated as flowing
a Ly6G+ neutrophils. b Siglec F+ SSC hi eosinophils. ¢ CD64+ Ly6C+/- monocytes. d CD11b hi
Ly6C+/- monocytes. e B and T lymphocytes were gated as SSC low, FSC low. B220+ defined B
cells and CD3 defined T cells. T cells were also gated further for CD4+ T cells and CD8+ T cells.
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Supplementary Figure 5
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Flow cytometry gating strategy for lung myeloid cells. a Viable leukocytes were gated for CD45+.
b Eosinophils were defined as SiglecF+ CD11b+. ¢ From the SiglecF+ CD11b- population,
alveolar macrophages were defined as CD11c+ F4/80+. d From the Siglec F- population,
neutrophils were defined as Ly6G+ CD11b+. e From the Ly6G- Ly6C- F4/80+ population,

macrophages were defined as CD11b+ CD11c+.
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