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Abstract

Antibiotics, among the most used medications in children, affect gut microbiome communities
and metabolic functions. These changes in microbiota structure can impact host immunity. We
hypothesized that early-life microbiome alterations would lead to increased susceptibility to
allergy and asthma. To test this, mouse pups between postnatal days 5 — 9 were orally exposed
to water (control) or to therapeutic doses of azithromycin or amoxicillin. Later in life, these mice
were sensitized and challenged with a model allergen, house dust mite (HDM), or saline. Mice
with early-life azithromycin exposure that were challenged with HDM had increased IgE and
IL-13 production by CD4* T cells compared to unexposed mice; early-life amoxicillin exposure
led to fewer abnormalities. To test that the microbiota contained the immunological cues to alter
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IgE and cytokine production after HDM challenge, germ-free mice were gavaged with fecal
samples of the antibiotic-perturbed microbiota. Gavage of adult germ-free mice did not result

in altered HDM responses, however, their offspring, which acquired the antibiotic-perturbed
microbiota at birth showed elevated IgE levels and CD4* cytokines in response to HDM,

and altered airway reactivity. These studies indicate that early-life microbiota composition can
heighten allergen-driven Th2/Th17 immune pathways and airway responses in an age-dependent

manner.
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Introduction

Global asthma incidence has increased over the past five decades, with 300 million people
currently affected 1. Asthma is clinically diverse and categorized into different endotypes.
The type 2 (T2) high endotype has increased type 2 cytokine responses, characterized

by production of Interleukin (IL)-4, IL-5 and IL-13 by either T helper 2 (Th2) cells or
type 2 innate lymphocytes. Asthmatic children without these T2 signatures are classified
as the T2-low endotype 2, 3. T2-high asthma, including early-onset allergic, late-onset
eosinophilic, and exercise-induced asthma, mostly responds to medications targeting T2
immune responses 2—4. The T2-low endotype includes neutrophilic and obesity-related
forms of asthma, which are characterized by type 17 immune responses and neutrophil
recruitment that mediate pulmonary inflammation, and have fewer available therapies 2, 5.

Early-life antibiotic use has been associated with increased asthma risk in epidemiological
studies 6-9, and reducing community-wide antibiotic exposure has been associated with
diminished asthma incidence 10. Asthma is part of an allergic continuum also including
atopic dermatitis, food allergy, and allergic rhinitis; early-life antibiotic exposure has been
associated with increased risk of all of these disorders 11-15. These observations support
the hypothesis that early-life antibiotic use is causally involved in asthma predisposition, but
direct evidence has been lacking.

Amoxicillin and azithromycin are the two most commonly prescribed pediatric antibiotics
in the U.S. and globally 6, 16, 17. The developing early-life microbiota is perturbed by
antibiotics, with effects related to antibiotic class, dose, duration, and host age during
exposure 18-20. Early-life microbiome perturbation can change microbial metabolites and
alter microbiome resilience and colonization resistance, altering host immune and metabolic
development 21-26.

We now report studies of early-life administration of azithromycin and amoxicillin to mice,
at levels prescribed in children, that highlight interactions of microbiome perturbation

with host age, and downstream inflammatory and immune consequences. We provide
direct evidence that azithromycin perturbation of the early-life microbiota enhances the
immunological and physiological features of allergen-driven responses.
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Early-life antibiotic exposures alter responses to allergen challenge.

To assess whether a clinically relevant antibiotic exposure alters susceptibility to allergic
airway inflammation, C57BL/6 select-pathogen-free (SPF) pups were orally dosed from
postnatal day (P)5 for 5 days with azithromycin or amoxicillin at pharmacological levels for
children [amoxicillin, 100mg/kg of bodyweight/day; azithromycin, 30mg/kg of bodyweight/
day] or water as a control (Figure 1A). Following antibiotic exposure, on P46, mice were
sensitized intranasally with HDM extract, or PBS as a negative control, and subsequently
challenged intranasally three times with HDM or PBS. Mice were euthanized at P60 and
immune responses to HDM were compared across the groups, 50 days after the antibiotic
exposure had ended. We first asked whether the antibiotic exposures affected inflammatory
responses to HDM antigen. Analysis of bronchoalveolar lavage (BAL), collected to assess
leukocytic airway infiltration, indicated that mice exposed to azithromycin or amoxicillin
during early-life, and subsequently sensitized and challenged with HDM, compared to
HDM-sensitized and -challenged control mice, led to no significant changes in BAL
cellularity (Figure S1A-C). However, azithromycin-HDM mice had increased serum (Figure
S1D) and lung (Figure S1E) total IgE levels, which were strongly correlated (Figure

S1F). In the PBS-challenged mice, prior antibiotic exposure did not affect BAL cellularity,
eosinophilia, or IgE levels (Figure SLA-F). In total, these results indicate that early-life
antibiotic exposures to azithromycin led to increased IgE responses following antigen
challenge.

We then asked whether differences in Th2 or Th17 cytokines would explain the IgE patterns
observed in mice that had early-life antibiotic exposure. First, compared to unexposed mice,
azithromycin-exposed mice had an increase in lung CD4* T cell infiltration when sensitized
and challenged with HDM (Figure S1H). Among the mice that were HDM-sensitized/
challenged, those exposed to azithromycin had higher pulmonary IL-13 production at

P60 than the unexposed controls (Figure S1G,I), consistent with higher IgE titers (Figure
S1D,E). Mice that had been exposed to amoxicillin and were then subsequently challenged
with HDM had a higher frequency of I1L-17A-producing CD4" Th cells than untreated
controls (Figure S1J). There were no significant differences in IFN+y production in any
experimental group (Figure S1K). We next sought to determine if these cytokine changes

in antibiotic-exposed mice affected lung inflammation. Histological examination of lungs
showed increased inflammatory scores and PAS+ cells related to the HDM challenge, but
no significant differences with respect to prior antibiotic exposure (Figure S2A-E). As there
were no differences in lung inflammation (Figure S2A-C), we did not expect any deficits

in FoxP3* regulatory T cells (Tregs) and peripherally induced (p)Treg populations in the
lung tissue in response to antibiotic exposure, and this was indeed the case (Figure S2F).

In total, these findings indicate that the early-life immunological perturbations were mostly
associated with azithromycin exposure, and limited to heighted IgE responses, and increased
lung CD4* T cell infiltration and IL-13 production.
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Role of the microbiota in altering immunological responses.

We then sought to determine if the differences observed in the antibiotic-exposed mice
were due to direct effects of the drugs on the murine immune system, or whether they

were transduced via perturbation of the microbiome. To address this, germ-free pups were
treated with antibiotics, or not, and later sensitized and challenged with HDM, exactly as
outlined in Figure 1A. At P60, no differences in BAL cellularity or granulocyte frequency
were found between the antibiotic-exposed or unexposed germ-free mice (Figures S3A).
Flow cytometric analysis of lung tissue also showed no significant differences in lung
CD4* T cell abundance or frequencies with respect to antibiotic exposure (Figure S3B).

As observed in the SPF mice (Figure S1B, S1G-J), the proportions of eosinophils and Th
cells rose in mice challenged with HDM compared with PBS, but there were no significant
differences in relation to the antibiotic exposure (Figures S3A-C). Thus, in the absence of a
microbiota, antibiotic treatment had no discernable impact on immune responses to allergen
challenge. These results provide evidence that the observed antibiotic-driven effects on the
immune responses to HDM are microbiota-dependent and do not result from the direct drug
interactions with murine tissues, consistent with prior results 19.

Identification of taxa perturbed by the early-life antibiotic exposures.

To determine whether antibiotic-exposure led to microbial differences in the experimental
mice, we examined gastrointestinal and pulmonary samples using 16S rRNA sequencing.
Antibiotic exposure led to significantly reduced representation of amplicon sequence
variants (ASVs) in the gastric microbiota at P35 (Figure 1B). The fecal microbiota of
azithromycin-exposed mice showed significantly reduced ASVs at P25 and P40 (Figure 1C).
These findings indicate a reduction in taxon richness for at least a month following the
antibiotic exposure with partial recovery, later in life (Figure 1C). Utilizing unweighted
UniFrac analysis across multiple timepoints (Figure 1D-G) and plots of taxonomic
abundance at P60 (Figure S4), amoxicillin, but not azithromycin, altered gastric microbiota
composition consistently at all timepoints (Figure 1D, S4A). There were no differences in
the ileal microbiota (Figure 1E, S4B), the cecal microbiota was altered by exposure to either
antibiotic across all timepoints (Figure 1F, S4C). Both antibiotic regimens changed colonic
community structure, determined by analysis of serially obtained fecal samples (Figure 1G,
S4D).

Each of the antibiotic exposures led to significantly altered colonic representation of
multiple ASVs, with unsupervised hierarchical clustering of differentially abundant ASVs
showing that colonic samples from azithromycin-exposed mice were distinct from the other
treatment groups (Figure 2). By P60, control mice had high abundances of Bacteroidota
(especially Muribaculaceae species), which did not occur in mice with early-life antibiotic
exposure. To assess changes in Muribaculaceae, the abundance of all Muribaculaceae
strains, at the genus level, was evaluated in fecal samples over time (Figure S5). Using

a mixed linear effects model, we found that Muribaculaceae changed significantly over time
in all groups, and was significantly different when comparing control and azithromycin
(p-value = 0.020). Further, the change over time in the azithromycin group significantly
differed from the change in abundance over time in control mice (p-value = 0.015).

Both groups of antibiotic-exposed mice had increased Verrucomicrobia (Akkermansia),
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and the azithromycin-exposed mice had unique losses within the Firmicutes, mostly
Lachnospiraceae species. Azithromycin-exposed mice showed a unique enrichment of
leibacterium in P60 samples that was not observed in amoxicillin or control samples.
Samples from the amoxicillin-exposed mice clustered more closely with control samples
until P60 but showed reduced Lactobacillus abundances compared to both other groups
(Figure 2).

We then assessed whether there were antibiotic-induced compositional differences in the
lungs. At P60, but not before, the mice exposed to azithromycin early in life had reduced
representation of pulmonary ASVs (Figure S6A), but there were few other differences in
pulmonary microbiota compositions between antibiotic-exposed and control mice (Figure
S6B, S6C). In total, these data indicate persistent effects on the host microbiome with
effects being either conserved across both antibiatics, or antibiotic-specific with the most
substantial effects on the colon, cecum, and stomach microbiota composition. Given the
antibiotic-induced effects on the host gastrointestinal bacterial communities, we sought to
test if altered microbiota composition is involved in host immunomodulation in response to
HDM sensitization and challenge.

Role of the altered microbiome in the immunological phenotypes of adult mice.

We next asked whether the compositional differences in the intestinal microbiota directly
led to an altered immune response to HDM. To address this question, we experimentally
transferred microbiota collected from P25 mice (15 days after the antibiotic exposure had
ceased) into 6-8-week-old germ-free mice (Figure 3A). P25 was selected as the timepoint
of transfer to ensure that fecal pellets did not contain any residual antibiotics, and that

it was early enough in development to permit a maturation of the transferred microbial
community in the new murine host. The fecal pellets used for transfer were either perturbed
by the prior antibiotic exposure or from control mice (no antibiotic exposure). Consistent
with the timeline of the initial studies, 45 days post-transfer, the mice were sensitized and
challenged with HDM or PBS and sacrificed at post-transplant day 60 to evaluate immune
responses. Apart from a rise in BAL cellularity in the mice that received the amoxicillin-
perturbed microbiota, there were no significant differences observed in serum IgE, BAL
cellular composition, or cytokine production by CD4" T cells in mice that received different
microbiota (Figure S7). These results indicate that conventionalization of germ-free adult
mice with perturbed microbiota was not sufficient to transfer any phenotype previously
observed in SPF-conventional mice exposed to antibiotics during the neonatal period (Figure
S1). One explanation for this finding is that there is an age-window during which the
immune system is most sensitive to perturbations in intestinal microbiota.

Role of the altered microbiome in the immunological phenotypes of mice exposed from

birth.

To address the possibility of an age-dependent variable, we assessed immunological
responses to HDM in mice exposed to the perturbed microbiota from birth (Figure 3A).
From within the original group of conventionalized germ-free adult mice, some animals
were used for antigen challenge (described above), but others were used for breeding. As
such, their offspring acquired either a perturbed or control fecal microbiota from birth via
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vertical transmission. First, to determine if there were any differences in bacterial abundance
based on mode of microbiota acquisition, we quantified 16S copy number in the fecal
samples from the original SPF cohort, the germ-free adults that were gavaged with fecal
samples, and the progeny of the germ-free mice (Figure 3B). We found no differences in
16S copy number between the experimental groups. To assess the compositional fidelity

of the transferred perturbed or control microbiota, we compared the relative abundances of
all annotated genera between the SPF donor, germ-free adult recipient, and the resultant
offspring mice in each group (Figure 3C). These analyses showed significant correlation of
the taxa present in donor and gavaged adult mice, and donor and offspring mice, indicating
high fidelity transfer (Figure 3C), and that the correlation strength (Spearman rho) was
favorable (p > 0.4) in all cases. These analyses were conducted on samples from multiple
experiments and sequencing runs, subject to batch effects which could skew the comparison
between samples. The greatest fidelity between the experimental generations involved
transfer of the control microbiota, and less so for the antibiotic-perturbed microbiota.

This may be an indication of reduced community resiliency and stability, confirming prior
observations 27. This reduced resiliency may factor into the diversity loss observed in the
transfer of the antibiotic-perturbed microbiota within fecal samples.

Based on these transfers, we had a way to generate offspring mice that had not received
antibiotics themselves but were exposed to the perturbed microbiota from birth (Figures
3A). Using the same HDM allergen model and measurements of immunity, we assessed
if these animals would mirror the effects of directly administered antibiotics in terms

of heightened IgE and IL-13 responses. The mice that had an azithromycin-altered
microbiota from birth had higher serum IgE concentrations than control mice, after HDM
sensitization and challenge (Figure 4A) which also was observed in the SPF mice following
the early-life azithromycin exposure (Figure S1D). Following HDM challenge, the mice
colonized with the azithromycin-perturbed microbiota also had increased BAL cellularity
and eosinophil and neutrophil proportions (Figure 4B) and had higher proportions of
dendritic cells (Figure 4C). We did not observe changes in infiltration or frequencies

of CD4™" T cells associated with receipt of either antibiotic-perturbed-microbiota (Figure
4D). We did observe significant increases in CD4" T cells producing IL-17A in mice

that received either azithromycin or amoxicillin perturbed microbiota, and IL-13 in mice
that received the amoxicillin-perturbed microbiota (Figures 4D). The mice exposed to
the amoxicillin-perturbed microbiota from birth did not have altered IgE levels, like

the amoxicillin-exposed SPF mice, but had increased total number of BAL cells and
increased proportions of pulmonary dendritic cells (Figures 4A-B, Figure S1D). In total,
this experiment demonstrates that acquiring an antibiotic-perturbed microbiota from birth
leads to allergen-induced immunological hyperactivity.

Physiologic consequences of exposure to an antibiotic-perturbed microbiota.

Finally, we sought to determine whether the observed immunological changes had
physiological consequences related to asthma risk or severity. We addressed this question
using experimental methacholine challenges to assess bronchial airway reactivity in the mice
exposed to control or the altered microbiota from birth and subjected to HDM or PBS
challenge (Figure 3A). The mice exposed from birth to either of the two antibiotic-perturbed
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microbiota and challenged with PBS showed higher airway reactivity measured by both
maximal resistance and elastance (Figure 4E). As expected 28, both airway resistance

and elastance in response to increasing doses of methacholine were significantly greater

in all mice that had prior HDM challenge than in those PBS-challenged. Among the
HDM-challenged mice, those exposed to the azithromycin-perturbed microbiota from birth
had significantly greater airway resistance than mice exposed to the control microbiota;
exposure to the amoxicillin-perturbed microbiota had little effect (Figure 4E). There were
no significant differential effects on airway elastance among the HDM sensitized and
challenged mice, but the antibiotic-perturbed microbiota mice had higher airway elastance
relative to control among the PBS challenged mice. (Figure 4E). In total, these experimental
findings provide evidence that exposure to antibiotic-perturbed microbiota from birth
affects pulmonary physiological function with and without allergen challenge. These results
experimentally link antibiotic-perturbed early-life microbiota to allergic predisposition,
heightened immunological responses to allergen, and clinical features of allergic asthma.

Microbiota composition associated with altered immune phenotypes.

To characterize differences in microbiota composition of the mice that were born with
control or antibiotic-perturbed microbiota, 16S rRNA sequencing was employed. Analysis
of observed ASVs (Figure 5A) revealed that mice with the antibiotic-perturbed microbiota
had significantly reduced alpha diversity relative to control animals and did not show the
increases in observed ASVs with maturation that were seen in controls. An unweighted
UniFrac analysis showed clear and significant differences in fecal community composition
between control-microbiota mice and antibiotic-perturbed microbiota mice (Figure 5B).
Differentially abundant ASVs are highlighted in Figure S8, with the mice exposed

to the antibiotic-perturbed microbiota having increased abundances of Akkermansia,
Muribaculum, Bacteroides, Lachnostridium, and Blautia. Many of these ASVs are consistent
with differentially abundant taxa identified in the SPF experiments (Figure 2). To further
highlight consistently altered colonic ASVs associated with antibiotic exposure in these
experiments, ASVs that were differentially abundant between controls and azithromycin-
perturbed mice from both the SPF experiments (Figure 1A) and the transfer experiments
(Figure 3A) from P25 and P60 are identified in Tables S1 and S2, respectively. Table S1
identifies potentially important ASVs during early-life (P25) which include Segmented
filamentous bacteria (SFB; Candidatus Arthomitus), Akkermansia, Oscillospirales, and
Muribaculaceae species. All apart from Akkermansia, were enriched in control mice. Later
at P60, Muribaculaceae and Oscillospirales continue to be present in increased abundance
in control mice, and Lachnospiraceae and Clostridia also show higher representation in
control mice relative to the azithromycin-perturbed microbiota mice. Parabacteroides was
the only ASV overrepresented in azithromycin-microbiota mice at P60 in both sets of
experiments. These data provide evidence that the mice that were exposed from birth to
antibiotic-perturbed microbiota had clear compositional differences, and reduced diversity
relative to control-microbiota animals.

Next, to determine ASVs that may be associated with the immune phenotypes observed
in the microbiota transfer experiments, we correlated lung IL-13 and IL-17A production
by CD4* T cells to ASVs that significantly differed between recipient mice that received

Mucosal Immunol. Author manuscript; available in PMC 2023 January 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Borbet et al.

Page 8

control or antibiotic-perturbed microbiota. Non-hierarchical clustering of significantly
correlated ASVs (p<0.05) revealed that there are distinct microbial signatures in the

control and antibiotic-perturbed microbiota groups that correlate with both IL-13 and
IL-17A production (Figure 6A, 6B). Many Lachnospiracae and Muribaculaceae strains were
enriched in control mice and negatively correlated with cytokine production. Akkermansia
and some Tannerellaceae strains had higher relative abundance in the mice receiving

the antibiotic-perturbed microbiota and significantly correlated with elevated cytokine
production (Figure 6A, 6B). We also tested correlations between ASV relative abundance
and total BAL counts, lung eosinophilia, and serum IgE without identifying any significant
associations or clear compositional differences. In total, these data indicate that there are
compositional differences associated with the CD4* T cell phenotypes in this study. Further,
the germ-free experiments permitted the transfer of compositional microbiome differences
found in SPF antibiotic-exposed mice into new hosts, and showed that germ-free mice that
developed with the perturbed microbiota from birth had altered immune and physiological
responses to HDM.

Discussion

Our data indicate that direct administration of either of the two most commonly

prescribed antibiotics in pediatric practice 6, 16, 17 to murine pups causes sustained
differences in gastrointestinal microbial communities, extending prior studies with antibiotic
administration in drinking water that exposes both dams and pups 18, 19, 26. This was
evident by the unweighted UniFrac analysis of stomach, cecum, and fecal samples of the
antibiotic-treated mice which indicated long-term compositional differences; alpha-diversity
was largely restored by the time of sacrifice (Figure 1B-E). Interestingly, although dams
remained untreated in our studies, we still found sustained differences in the gastrointestinal
microbiota of the antibiotic-exposed pups into adulthood. This reveals that there was

not a substantial restoration of the pup microbiome from their mom to resemble an
untreated mouse. This is consistent with prior work in which co-housing control and
antibiotic exposed mice did not rescue microbiota-dependent immune phenotypes or restore
microbiome composition 26, 29. This work provides experimental evidence consistent with
the epidemiological data that early-life antibiotic use is associated with increased risk

of asthma and related allergic diseases in children later in their life 6-8, 30. We found

that azithromycin exposure during early-life heightened IgE and lung CD4* T cell IL-13
production. That treatment of germ-free mice with antibiotics had no effect on allergen-
specific immune responses indicates that the antibiotic effects require the presence of a
microbiota as an intermediate. This is consistent with earlier studies, which found that
treatment with the macrolide tylosin altered the immunological status of mice, but when
germ-free mice were treated with tylosin, no immunological effects were observed 19.

The lack of effect seen when transplanting the antibiotic-perturbed microbiota into adult
germ-free mice, when taken together with the strong observed influence this microbial
composition had on mice exposed to this microbiota from birth, provides evidence for a
critical age window in which host microbial composition exerts immunomodulatory effects.
This is in line with prior observations showing that human infant microbiota composition
during the first 100 days of life is a critical determinant of asthma susceptibility 31 and adds
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to understanding of an early ontogenic window of opportunity for impacts of the intestinal
microbiota on the immune landscape of the lung. This experiment also provides mechanistic
evidence for a direct role of the perturbed microbiota in modulating allergy risk and severity,
and further rules out direct effects of the antibiotic on host tissues in playing any substantial
role.

Although broad spectrum super-therapeutic antibiotic regimens perturb immune dynamics
in the lung and elsewhere 32-34, to our knowledge, no other studies have shown that
early-life exposure to a single measured antibiotic at therapeutic levels alter the lung
cytokine environment following antigen challenge. Similarly, no other studies have shown
that clinically relevant doses, durations, and routes of antibiotic exposures were sufficient
to alter gut microbial composition in mice for periods >6 weeks, and that microbiota
composition was sufficient to alter the immune landscape and pulmonary function. Previous
murine studies have shown that super-therapeutic antibiotics resulted in reduced Tregs in
the lymph nodes draining the lungs 34. In our studies, there were no observed decreases

in frequency or abundance of Tregs or pTregs in the lung tissue of the antibiotic-exposed
mice before or after HDM challenge. Our results provide evidence that the antibiotic-driven
pulmonary immune changes are not modulated by altered pulmonary Treg numbers but

do not rule out functional differences of these T cells, or contributions of gastrointestinal
tract-derived Tregs.

Although our studies indicate effects of a perturbed intestinal microbiota as a causal
element, we did not examine contributions of viral, bacterial, or fungal infections, which
lead to antibiotic prescriptions for children 4, 35, 36. We also did not find significant
changes in the pulmonary microbiota, although it is known that airway microbial changes
may influence asthma pathogenesis in humans 42 and mice 37, 38. The lower airway
microbiota has also been associated with the development of wheeze in children 39,

and pulmonary microbial signatures were found to cluster based on asthma endotype in
adults 40. Despite no experimental evidence of the pulmonary microbiota influencing our
observations, the contributions of the altered intestinal microbiota to the enhanced allergic/
inflammatory phenomena were both substantial and consistent in the models we used.

A brief early-life amoxicillin course uniquely and persistently altered the gastric microbiota.
Such effects can potentially influence host immunity, paralleling antibiotic abrogation of
Helicobacter pyloriimmunomodulatory properties related to asthma 14, 41-43. Amoxicillin
exposure altered IL-17 CD4* T cell HDM responses, with phenotypes consistent with
neutrophilic asthma 44. Amoxicillin-exposed mice had notable decreases in gastric and
colonic Lactobacillus and Lachnospiraceae strains relative to controls. In prior murine
studies, oral Lactobacillus administration reduced inflammation in models of antigen-driven
lung inflammation 45, 46. Lachnospiraceae produce the short-chain fatty acid butyrate 47,
which was shown to have anti-inflammatory effects in the lungs of OVA-sensitized and
challenged mice 32, 48, 49. The mechanism for the amoxicillin-induced IL-17-dominanted
immune responses to HDM may involve reductions of these important gastric taxa,
potentially impacting gastric-derived pTregs, which have been reported to reduce HDM-
associated pulmonary inflammation in murine models of H. py/oriinfection 50. In our
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own data, we found that increased colonic abundance of Lachnospiraceae was negatively
associated with lung CD4* T cell 1L-17 production.

Mice that developed from birth in the presence of the azithromycin-perturbed microbiota
had heightened Type 2 and Type 17 immune responses to HDM; the heightened Type

2 responses were also observed in SPF mice exposed to azithromycin during early-life.
Azithromycin exposure reduced intestinal alpha-diversity until P40, a finding consistent with
the association between reduced 15%-year of life bacterial diversity and higher subsequent
asthma risk in human children 51. Germ-free mice have hyper-IgE responses and increased
susceptibility to anaphylaxis; however this can be abrogated through conventionalization
with a diverse microbiota during early-life but not later 52. These data support the
hypothesis of a critical window of time for host-microbiota interactions which are dependent
on both composition and age. ASVs that significantly correlated with CD4* T cell cytokine
production in the lung tissue of the mice that received antibiotic-perturbed microbiota
(Figure 6) included Muribaculaceae, a family within the phylum Bacteroidetes, and
Lachnospiraceae a family within the phylum Firmicutes, which both were reduced. In prior
studies, exposure to these phyla over the first 3 years of life negatively correlated with

atopy and atopic wheeze in children 53. Both phyla also contribute to short-chain fatty acid
production 54, metabolites that reduce inflammation in other murine asthma models 32,

48, 49. Children with the highest levels of butyrate and propionate at one year of age are
less likely to develop asthma during early childhood 48. Azithromycin-exposed mice had
reduced SFB levels during early-life and enrichment for Akkermansia. SFB potently induce
Th17 cells 55, loss of this taxon could lead to dysregulation of T cell differentiation and T
cell immunity. Akkermansia has been shown to bloom following antibiotic treatment in both
mice 18, 19, and humans 56, and to degrade mucins and generate metabolites including
acetate and propionate 57. Although Akkermansia is a biomarker of recent antibiotic
exposure, we are not able to conclude from these experiments the functional role of its
antibiotic-induced bloom. These data from humans and mice suggest a time window during
early-life in which protection against allergic diseases is associated with particular microbial
compositions and metabolites. Our transfers to germ-free mice provide direct evidence that
this developmental window is a critical variable.

In a Danish cohort, children diagnosed with asthma by age 7 already had decreased air
flow and increased methacholine responsiveness at age 1 month compared to children who
did not develop asthma later 58. Similarly, an abnormal microbiota at age 1 year was
significantly associated with risk of asthma developing by age 6 59. Airway resistance

in azithromycin-perturbed microbiota mice differing from controls (Figure 4E) without
antigen challenge provides evidence for predisposition to altered lung physiology that is
microbiome-dependent. This supports observations in these childhood cohorts 58, 59.

In total, our studies indicate a window during early-life, with conserved cross-talk between
the assembling gastrointestinal microbiota and the host immune system that supports
healthy development 60, but which can be abrogated by therapeutic antibiotic regimens
that substantially affect microbiome composition. Despite their many clinical benefits,
antibiotics disrupt the conserved early-life mutualism between host and microbes. Further
understanding of the mechanisms by which perturbation of this microbiota-immune axis
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influences predisposition to asthma and other allergic disorders will inform methods in the
clinic to mitigate or reverse these processes.

Materials and Methods

Mice.

C57BL/6J mice were purchased from Jackson Laboratories at New York University School
of Medicine, or from Javier at the University of Zirich and acclimated to the animal facility
for one week prior to breeding. C57BL/6 germ-free mice were obtained from Taconic
Biosciences, and maintained in a laminar flow isolator at a germ-free facility at NYU School
of Medicine. Mice were maintained on a 12-hour light/dark cycle and allowed ad /ibitum
access to rodent standard lab chow and water. For germ-free mice, all food and water were
autoclaved. All mouse experiments were approved by the New York University Langone
Institutional Animal Care and Use Committee (IACUC protocol 1A16-00785) and complied
with federal and institutional regulations. All animal experimentation at the University of
Zurich was reviewed and approved by the Zurich Cantonal Veterinary Office (licenses
ZH170/2014 and ZH086/2020).

Antibiotic treatment.

Between P5-9, mice received either sterile water, or an oral suspension of 30mg/kg of active
azithromycin (Teva, Fairfield NJ) or 100mg/kg of amoxicillin (Sigma, St. Louis MO). Oral
suspensions were prepared in sterile water. Mouse pups were weighed, and the volume

of the suspension adjusted for each mouse to achieve the desired daily dose, with a new
suspension prepared every 48 hours. Dams remained untreated in these experiments. For
antibiotic treatment of germ-free pups, autoclaved water was used to prepare the antibiotic
suspension in a hood with laminar flow, and the suspension was filter-sterilized. New
antibiotic suspensions were prepared for each germ-free treatment.

House dust mite (HDM) antigen model.

Lyophilized HDM antigen was purchased from Greer (XPB82D3A2.5, Cambridge MA) and
dissolved in sterile PBS (Corning, Oneonta NY) at a concentration of 2mg/mL based on
total protein concentration. At P45, offspring mice were sensitized intranasally with 1ug

of HDM in 50ul PBS, or with PBS alone as a negative control. On P53, P55 and P57,

mice were challenged intranasally with 10ug of HDM in 50ul PBS, or with PBS alone as a
negative control. On P60, mice were euthanized, blood was collected by cardiac puncture,
and the lungs perfused with PBS. Gastrointestinal tract samples were snap-frozen on dry ice
and stored at —80°C.

BAL collection.

After tracheotomy and insertion of an 18-gauge cannula, BAL was collected. Total viable
cells were counted by trypan blue dye exclusion, and differential cell counts were performed
on cytocentrifuged samples stained with Shandon Kwik-Diff Stains (Thermo Scientific,
Springfield Township NJ).
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Lung histology.

IgE ELISA.

For histopathology, lungs were fixed by means of inflation and immersion in 4% formalin
and embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (H&E)
or periodic acid—Schiff (PAS). Images were evaluated blindly using a BX40 Olympus
microscope (Olympus, Center Valley PA). Peribronchial inflammation was scored from 0-4.
PAS-positive goblet cells were quantified per millimeter of basal membrane on at least three
different representative airways on PAS-stained slides. More detailed information on scoring
has been described previously 61.

The left lung was collected and homogenized in T-PER tissue protein extraction reagent
(Thermo Scientific) supplemented with Halt protease and phosphatase inhibitors (Thermo
Scientific) to extract total protein. ELISA MAX Deluxe set mouse total IgE (BioLegend,
San Diego CA) was used to quantify IgE levels in both serum and lung tissue homogenate.
Lung tissue homogenate immunoglobulin concentrations were normalized to the total
protein levels in the sample, quantitated by BCA assay (Pierce, Springfield Township NJ).

Flow Cytometry.

At mouse sacrifice, the middle lung lobe was perfused with PBS, excised, minced into

small pieces using dissection scissors and submerged in DMEM (Corning) supplemented
with 10% fetal calf serum (FCS) (Corning) and penicillin and streptomycin (Corning).
Lungs were enzymatically digested in DMEM supplemented with 10% FCS, 0.5mg of
Collagenase 1A (Sigma, United States) and 0.05mg of DNase | (Worthington Biochemical,
Lakewood, NJ) for 35 minutes at 37°C with shaking and were subsequently mechanically
disrupted. Lung suspensions were passed through a 70-micron filter (Milltenyi, Sommerville
MA). For stimulation experiments, lung cell suspensions were cultured for 4 hours at 37°C
in RPMI supplemented with PMA (Sigma), ionomycin (Sigma), golgi plug (BD), 10%

FCS, beta mercaptoethanol, and penicillin/streptomycin. Cell suspensions were stained with
fluorescently tagged antibodies (BioLegend San Diego, CA; BD Franklin Lakes, NJ; and
eBiosciences San Diego, CA). All data was acquired on a BD LSRII flow cytometer at the
NYU School of Medicine Flow Cytometry Core or a BD Fortessa at the University of Zurich
Flow Cytometry Core. All data was analyzed using FlowJo (v10.6.1, BD). Count bright
beads (Invitrogen) were used to determine cell counts in flow cytometry experiments.

FlexiVent and methacholine challenge.

Mice were anesthetized with a cocktail of ketamine and xylazine, tracheotomized and a 20-
gauge metal cannula was inserted into the trachea and connected to the computer-operated
animal ventilator (FlexiVent, Scireq, Montreal, Canada). Mice were mechanically ventilated
and baseline measurements recorded based on standard Scireq protocols 62. A nebulizer
was used to aerosolize PBS or increasing doses of methacholine (Sigma) were delivered

to the mouse, and airway resistance measured. A dose response curve was generated using
methacholine at doubling doses from 3.125mg/ml to 50mg/ml.
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DNA isolation and 16S rRNA sequencing.

DNA was extracted from gastrointestinal samples with the DNeasy PowerSoil HTP 96

Kit (Qiagen, Germantown MD) or DNeasy PowerLyzer Powersoil kit (Qiagen). DNA was
extracted from lung lobes using a DNeasy Blood and Tissue Kit (Qiagen). PBS, HDM, and
no sample controls also were extracted to assess for background bacterial contamination

of lung samples. The V4 region of the bacterial 16S rRNA gene was amplified in

triplicate, using barcoded fusion primers (F515/R806) 63, then pooled, and DNA was
quantified with Quant-iT PicoGreen (Invitrogen, Springfield Township, NJ). A maximum
of 96 samples were then pooled in equal quantities of 300ng, and then purified with a
QIAquick PCR purification kit (Qiagen) and quantified with a Qubit Fluorometer (Life
Technologies, Springfield Township, NJ). Finally, these samples were pooled at an equal
molar concentration (50nM) and sequenced on an Illumina MiSeq platform at the New York
University School of Medicine Genome Technology Center. All data were processed and
analyzed using Quantitative Insights into Microbial Ecology (QIIMEZ2, version 2020.02) 64.
Sequencing reads were trimmed and denoised using DADA?2 65 and aligned using MAFFT
66. Taxonomy was assigned using Silva 138 (released December 2019), cyanobacteria,
mitochondrial, and chloroplast sequences were removed, and only ASVs that were present
in 210 samples and had a total count >15 across all samples were included in subsequent
analyses. For the SPF experiments, 416 samples were included at a sequencing depth of 5.8
million reads with an average number of reads per sample of 13,527 (range 5042 — 84746).
For the GF-transfer experiments, 285 samples were included at a sequencing depth of 5.6
million reads, at an average number of reads per sample of 18,773 (range 8962-99359). Beta
diversity (unweighted UniFrac) analyses, rarefied at 5000 reads, were performed using the
QIIME?2 pipeline, and plots were generated in R using ggPlot2. Alpha diversity (Observed
ASVs) and taxonomic abundance plots were generated using the Phyloseq package, and
differential abundance plots and heatmaps were generated using the DESeq2 and Complex
Heatmap packages in R 67, 68. Lung 16S rRNA samples were subject to background
subtraction prior to analysis using the prevalence method of the Decontam open source

R package using the conservative threshold of 0.5 69. The pipeline was used to remove
contaminant ASVs found in background control samples (extraction blank, PCR negative
control, PBS and HDM samples) from true lung samples. 16S copy number was determined
in DNA samples by gPCR using SyberGreen (Applied Biosystems) and universal 16S
primers 785F/907R, and normalized to the DNA concentration determined by the Quant-iT
PicoGreen assay. A standard curve using a plasmid that contains the 16S rRNA gene from
Propionibacterium acnes was used to determine 16S rRNA copy number.

Fecal transfer to germ-free mice.

Selected frozen mouse fecal pellets (25mg) were suspended in 1mL of Beef Broth
medium (10.0g Beef Extract, 10.0g Peptone, 5.0g NaCl in 1.0L of water, pH 7.2), then
disrupted by passage through a 1mL sterile syringe without needle attached, vortex-mixed,
and immediately used for gavage into recipient mice. Sterile disposable 18G gavage
needles (Fine Science Tools, Foster City CA) were used to transfer fecal suspensions to
conventionalize germ-free mice. Fecal samples were collected periodically to determine
engraftment and stability of the community over time.
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Statistical Analyses.

Statistical analysis was performed with Prism 9.2.0 (GraphPad Software). Statistical
comparisons between groups were performed using a Kruskal-Wallis test (one-way
nonparametric ANOVA). To determine statistical significance between HDM sensitized and
challenged mice, the matching PBS group was used as the reference for comparison: control
vs. control; azithromycin vs. azithromycin; amoxicillin vs. amoxicillin. This was based on
the a priori assumption that antibiotic treatment alone is sufficient to disrupt the immune
status of HDM naive mice 19. Differences were considered statistically significant when

p < 0.05. Statistical significance between community structures was determined using an
Adonis test and reported as significant when p < 0.01. Differentially abundant ASVs were
determined by contrasting the relevant treatment groups and selecting for ASVs that were
significant using a Benjamini Hochberg false discovery rate (FDR) of p < 0.01. Spearman
correlations between all detectable genera between the donor, adult and offspring mice
were used to detect the fidelity of microbiota transfer. This analysis considers all detectable
bacteria genera and their group average relative abundance (e.g., the mean of each genus

in each experimental group of mice). Correlations of the relative abundance of the genera
were then conducted between donor and transfer groups to allow for evaluation of transfer
strength (|p| > 0.4) and significance (p<0.05).
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Refer to Web version on PubMed Central for supplementary material.
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Key Messages

. Mice that acquired an azithromycin-perturbed microbiota from birth had
heightened Th2 and Th17 responses, and airway reactivity to methacholine

. The altered HDM phenotype could only be transferred to a new murine host
when those mice acquired the perturbed microbiome at birth
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Figure 1: Evaluation of microbiota composition in antibiotic-exposed mice.
A, mice received early-life treatment with azithromycin, amoxicillin, or not—control,

between P5-9 by direct oral administration; dams were unexposed. For each independent
experiment, there were at least 2 or 3 litters per treatment group. At P46, mice were
intranasally sensitized with 1ug of HDM antigen or PBS as a negative control for

HDM sensitization. One week later, mice received three separate intranasal challenges
with 10ug of HDM antigen, or again with PBS as a negative control. All mice were
sacrificed 3 days after the last challenge at P60. DNA extracted from mouse stomach
tissue, ileal tissue with contents, colon tissue with contents and fecal pellets and was
subjected to 16S rRNA sequencing. Tissue samples were collected at sacrifice on days

15, 35 and 60, while fecal samples were collected on days 25, 40, and 60. Analysis of
alpha diversity (Observed ASVs) (B,C) and beta diversity (D-G) (unweighted UniFrac) are
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from one representative experiment. Significance for alpha diversity was determined by a
nonparametric one-way ANOVA (*p<0.05; **p<0.01; ***p<0.001) and for beta diversity,

a Permutational Multivariate Analysis of Variance was performed to compare antibiotic
exposure, day of life, and the interaction of both factors (a p-value for each comparison is
reported on the UniFrac plot). Results are shown for: D, stomach (18.8% variance explained
by treatment, 7.2% by day of life, and 9.3% by both); E, ileum (4.9% variance explained

by treatment, 7.7% by day of life, and 6.8% by both); F, cecum (9.8% variance explained
by treatment, 17.9% by day of life, and 6.3% by both); and G, fecal pellets (13.4% variance
explained by treatment, 7.4% by day of life, and 9.3% by both).
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Unsupervised hierarchical clustering of differentially abundant ASVs from 92 fecal samples

(columns) from 42 individual mice across multiple timepoints, identified using DESeq2,

with false discovery rate (FDR) set to p < 0.01. Samples are color-coded by treatment, day
of life, and body site. Rows indicate statistically significant taxa (n = 58), taxa annotation

at the genus level (species level information also included when available, annotated as:
genus_species).
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Figure 3: Differential microbiota in experiments conventionalizing germ-free mice.
A. Adult (6-8-week-old) germ-free mice were conventionalized with a suspension of fecal

microbiota prepared from frozen P25 fecal samples collected from SPF mice varying

in antibiotic-exposure (Figures 1-3). A subset (n = 6-8) of these mice were evaluated
for immune responses to HDM through sensitization and challenge with antigen or to
PBS. Other conventionalized mice (n = 3 per donor) were used as breeder pairs to
provide progeny exposed to the conventionalized microbiota from birth. B. 16S rRNA
copy number was determined using gPCR, and copy number was normalized to the total
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DNA concentration of the sample and reported as copy number per ng of DNA. Fecal
samples for day of life/day post gavage 25, 40, and 60 were analyzed for copy number.

C. Spearman correlations between donor SPF mice, adult germ-free mice gavaged with
stool and conventionalized offspring mice (3A) for all three experimental groups. Each
point represents the log, abundance of a unique taxon at the genus level within each
experimental group of mice. All identified genera were included (n = 74). The correlations
strength (Spearman rho) was positive (p > 0.4 in all cases), and significant (p < 0.001)

in all comparisons. Sequencing data was pooled from three sequencing runs, and multiple
experiments.
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Figure 4: Phenotypes in the progeny of parental germ-free mice conventionalized with antibiotic-
perturbed microbiota.

Progeny of germ-free mice that had been conventionalized with the fecal microbiota of

antibiotic-exposed or control SPF mice [see Figure 3A] were evaluated at sacrifice for

immune responses to HDM antigen. A. Serum IgE levels were determined by IgE-specific
ELISA. B. BAL was evaluated for total cell counts by trypan blue staining, or after BAL
samples were cytocentrifuged and differentially stained, for proportion of eosinophils, or
neutrophils. Lung single cell suspensions were isolated and evaluated by flow cytometry
for differences in the C. myeloid compartment or D. stimulated ex vivo using PMA
and ionomycin. Data was collected from three independent experiments; each individual
experiment yielded the same trend. Subsets of the offspring mice were evaluated for

differences in lung function by methacholine challenge assay, using a Scireq FlexiVent
apparatus. Offspring mice sensitized and challenged with HDM or PBS were evaluated

for E. airway resistance and airway elastance in response to increasing methacholine
doses (PBS, n = 5-8 per group and HDM, n = 10-12 per group, data is from three
independent experiments). *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001; nonparametric

one-way ANOVA.
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Figure 5: Altered alpha and beta diversity in mice that had an antibiotic-perturbed or control
microbiota from birth.

A. Alpha diversity across P25, P40 and P60 for each group of mice based on birth-
microbiota. Significance for alpha diversity was determined by a nonparametric one-way
ANOVA (*p<0.05; **p<0.01; ***p<0.001) B. Beta diversity, based on unweighted UniFrac
analysis of P25, P40, P65 fecal pellets. Each sample is color-coded by microbiota group
and symbols are used to differentiate day of life. Permutational Multivariate Analysis of
Variance was performed to compare microbiota, day of life, and the interaction of both
factors (p-value < 0.001); 41% of variance could be attributed to the founding microbiota
source; 3.5% of variance could be attributed to day of life, and 3.3% of variance was
attributed to both microbiota source and day of life.
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Figure 6: ASVs in the progeny mice conventionalized with antibiotic-perturbed microbiota
correlate with elevated CD4+ T cell production of IL-13 and IL-17A.

Spearman correlations were used identify the colonic ASVs from the offspring-recipient
mice sensitized and challenged with HDM (Figure 4A) that significantly correlate with
lung CD4* T cell production of A. IL-13 and B. IL-17A. Each row is an ASV that is
significantly correlated with the frequency of cytokine produced by pulmonary Th cells.
ASVs were considered based on nominal significance (p<0.05). The heatmap includes 39
colonic samples from 22 unique mice all of which were sensitized and challenged with
HDM. Samples are annotated by source of microbiota, sensitization, timepoint at which the
sample was collected, and the body site (colon or fecal pellet). The heatmap is colored by
scaled (z-score) ASV relative abundance.
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