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Abstract

Background: Mechanisms that facilitate early infection and inflammation in cystic fibrosis (CF)
are unclear. We previously showed that young CF children with secondhand smoke exposure
(SHSe) have increased susceptibility to respiratory infections. We aimed to define the impact of
SHSe and other external factors upon the fecal bacteriome in early CF.

Methods: Twenty CF infants and children were enrolled, clinical data recorded, and hair nicotine
measured as an objective surrogate of SHSe. Fecal samples were collected at clinic visits and
bacteriome 16S rRNA gene sequencing performed.

Results: SHSe was associated with increased alpha diversity and increased relative abundance of
Acinetobacter and Akkermansia, along with decreased Bifidobacterium and Lactobacillus. Recent
antibiotic exposure predicted bacterial population structure in children < 2 years of age and was
associated with decreased Bacteroides relative abundance. Age was the strongest predictor of
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overall fecal bacterial composition and positively associated with Blautiaand Parabacteroides.
Weight for length was negatively associated with Staphylococcus relative abundance.

Conclusions: SHSe and other external factors such as antibiotics appear to alter fecal bacterial
composition in young CF children, but the strongest predictor of overall composition was age.
These findings have implications for understanding the intestinal microbiome in young CF

children.

INTRODUCTION

Cystic fibrosis (CF) is caused by defects in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene. CFTR is widely expressed throughout the body and deficits in
CFTR function result in variable disease manifestations starting in utero. Infants with CF
demonstrate early pathology including progressive lung disease, recurrent sinorespiratory
infections, and gastrointestinal complications.! Emerging evidence suggests that one
contributor to early CF disease is the establishment of persistent shifts in intestinal and
respiratory microbial populations that can affect clinical outcomes or symptoms (dyshiosis)
compared to infants without CF.2-16 Within CF there can also be a gradient of dysbiosis
associated with worsened outcomes, as progressive intestinal dysbiosis distinguishes
between CF infants with normal and poor linear growth.1? In particular for the fecal
microbiome, decreased abundance of Bacteroides and increased abundance of Proteobacteria
have been observed in several CF studies.1#17:18 However, factors that modulate early
microbial composition throughout the body in CF are poorly defined.

While the early CF intestinal and respiratory microbiomes are shaped by both internal (e.g.
genetic, immune cell responses) and external (e.g. diet, maternal microbiota, antibiotic
usage, environmental exposures) factors,1® the specific mechanisms that facilitate the early
development of the intestinal microbiome and associated inflammation in young children
with CF are unclear. We previously demonstrated that young children with CF and parental-
reported?? or objectively detected?! secondhand smoke exposure (SHSe) have increased
susceptibility to respiratory bacterial infections. A similar role for SHSe in the regulation of
intestinal bacteria in children with CF has not been determined, but likely to be present
given the relationship between smoke exposure and intestinal inflammation.22 Although it is
well established that SHSe should be avoided in children with CF, we have demonstrated
that SHSe remains highly prevalent in young children with CF despite preventative
programs.2! Therefore, continued understanding of potential alterations induced by SHSe
and other external factors are needed.

The purpose of this study was to define the impact of SHSe upon the intestinal bacteriome in
a pilot study of young children with CF. Secondary outcomes included the influence of age,
sex, birth route and modifiable factors (antibiotic use and feeding method) upon the
intestinal bacteriome. We hypothesized that SHSe shifts CF fecal bacterial populations in a
differential manner compared to other modifiable factors such as diet or antibiotics. To test
this hypothesis, we studied the fecal bacteriome in young children with CF and objectively
measured SHSe to identify potential targets for therapeutic intervention (e.g. pre- or pro-
biotics) in this vulnerable population.
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A group of children with CF ages 3 months to 5 years were recruited during baseline health
visits at the outpatient CF clinic as part of a larger study (Determining Infectious Signatures
in CF, DISC) which aimed to study influence of SHSe on infection, inflammation, and
clinical outcomes.2! The purpose of studying this sub-group was to specifically examine the
influence of SHSe on the fecal bacteriome. The diagnosis of CF was defined by 2 disease-
causing mutations or a sweat chloride test > 60 mmol/L. All patients had at least one copy of
the Phe508del mutation. Participants were studied as an overall group and divided into
young children less than 1.3 years and those greater than 1.3 years based on microbiome
differences. The study was approved by the Institutional Review Board at Nationwide
Children’s Hospital (IRB12-00084). A parent or guardian of the child participant provided
informed consent on their behalf.

Clinical and biochemical measures

For this study we collected clinical information using a clinical questionnaire, hair to
measure nicotine concentrations, oropharyngeal swabs or sputum for respiratory bacterial
growth assessment, serum lipid metabolomics, and fecal samples for bacteriome analysis.
Oral antibiotic exposure in the month before fecal sample collection was recorded. Patients
also underwent pulmonary function testing, and data was recorded. Lung function was
measured as forced expiratory volume in 0.5 seconds (FEVq ) and 1 second (FEVy) for
infants and children, respectively. Percent predicted measurements and z scores for forced
vital FEV( 5 and FEV; were derived from reference equations.23:24 Growth was quantified
as length, weight, and BMI or weight/length z scores by CF dieticians trained in
anthropometric measurements using World Health Organization standardized growth charts.
All information was stored in a secure REDCap database.

Secondhand smoke exposure (SHSe)

As previously described,?! hair nicotine concentrations were measured in each participant.
Hair nicotine provides a long-term, stable measure of SHSe as nicotine is integrated into the
growing hair shaft over multiple months.2> Hair was obtained following a standardized
protocol previously described.26 Samples were processed by reverse-phase high-
performance liquid chromatography with electrochemical detection as described.2> Lower
cutoffs may poorly distinguish SHSe from no exposure,2” therefore a cutoff concentration of
1.0ng/mg was used to dichotomize groups into (+) and (-) SHSe.

Fecal bacteriome processing/sequencing

Fecal specimens were collected fresh during clinic visits or using a frozen diaper from the
morning of the visit if an immediately fresh sample was not available. Fecal samples were
aliquoted into sterile tubes containing RNAlater and immediately frozen at -80° until further
processing. DNA was extracted from the fecal samples using the Zymo fecal DNA miniprep
kit following the manufacturers instructions without modification, and 16S rRNA gene
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amplicon sequencing performed by targeted sequencing of the V4-V5 hypervariable region
at the Marine Biological Laboratory as described previously.14:28

Briefly, amplification reactions were prepared as follows: 1X Platinum HiFi Taq buffer, 2
mM MgSQOy, 0.2 MM dNTPs, 0.2-0.4 uM each primer, 12.5 units of Platinum HiFi Tag, and
up to 25 ng of template and brought to a final volume of 100 ul with water. This reaction
was split into replicate reactions (33 ul, thus reducing amplifiction bias) and a no-template
negative control reaction was included for each primer set. Amplifications were performed
as follows: denature for 3 min at 94°C; then 30 cycles of 30s at 94°C, 45s at 57°C, and 1
min at 72°C; with a final extension for 2 min at 72°C. Replicates were combined, the
products cleaned and size-selected the products with Agencourt Ampure XP beads (0.75X
sample volume), quantified using a PicoGreen assay (LifeTechnologies/Invitrogen), and
finally, the products were pooled and the pool was size-selected with 1X volume of Ampure
XP. The positive and negative reactions were visualized on a Perkin Elmer Caliper
LabChipGX. The library pool was sequenced on an Illumina MiSeq to produce 250 nt

paired-end reads, then processed as reported previously to prepare for downstream analysis.
28

Fecal 16S rRNA gene amplicon quality control, taxonomy assignment, and statistical

analysis

Quality control and taxonomy assignment were conducted with IM-Tornado?® and the Silva
database (v128). Reads passing quality control were required to have a minimum length of
190 bases, and the reverse reads were trimmed to 200 bases. 100% similarity threshold was
set for OTU binning. Alpha diversity for non-phylogenetic richness (observed OTUs),
phylogenetic richness (Faith’s PD), and evenness (Pielou’s evenness), beta diversity for
weighted and unweighted phylogenetic analyses (weighted and unweighted UniFrac), and
gneiss were conducted in QIIME v2.2018.11, that bundles multiple external programs for
these analyses (see publication).39 Gneiss3! multiple regression linear models were built
initially utilizing all variables presented in Table 1. All continuous numerical variables were
treated as such in the model (ex: age), and categorical variables were treated thusly (ex:
SHSe). To control for overfitting, each successive model omitted the variable that explained
the least variation until it would pass cross validation. 10-fold cross validation split into 10
partitions, 9 partitions were utilized to recreate the model, and the remaining partition
measured the prediction accuracy (leave-one-out). The resulting within model error was
required to be greater than the predicted error to prevent over-fitting. Further differential
abundance analysis was tested via Wilcoxon to control for outliers. Wilcoxon test and
Spearman correlation were conducted in JMP v13.0.0 with significance set at p < 0.05
(Wilcoxon) or p < 0.01 (Spearman) without correction for false discovery rate in this
exploratory, pilot analysis.

Metabolic potential of the bacterial communities was estimated utilizing the phylogenetic
investigation of communities by reconstruction of unobserved states (PICRUSt) 2 software
package. This leverages 16S rRNA gene amplicon library data to estimate global metabolic
pathway abundances on a community-wide level.32
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RESULTS

Cohort characteristics

Patient demographics are listed in Table 1, with details for the whole group and separated by
age (1.3 years as cutoff). Briefly, this group included children recruited between 3 months
and 5 years of age, with a mean age of 1.7 years. Patients were generally pancreatic
insufficient with at least one copy of the Phe508de/ mutation. Exclusive breastfeeding in the
first year of life was reported in only 25% of patients. Objective SHSe exposure was found
in 60% of the patients via hair nicotine analysis, similar to our larger published cohort.?1
Infant and child groups were similar with the exception of age and non-significant increases
in males, breast-feeding, bacteria present and smoke exposure in the older group. High
MRSA rates are consistent with our local population.

Sequencing Reads and Rarefaction

Sequencing of 16S rRNA gene amplicons yielded 2,732,396 total paired reads. Following
quality control, 1,825,744 high-quality sequences (median 94,873 sequences per sample)
were considered for the analysis. To control for sequencing depth, all samples were rarefied
to 74,500 sequences, resulting in the exclusion of a single sample (age 2.2 years, 6,339
sequences).

Age is the primary driver of the fecal bacteriome of young children with CF

Given that understanding of the intestinal microbiome of young children with CF is limited,
the first goal was to determine which demographic and environmental variables contribute
the most variability to the fecal bacteriome in this cohort of patients. Utilizing gneiss to
create a linear model guided by correlation-clustering (co-occurrence) of bacterial relative
abundances, about 35% of the total variation in bacterial populations could be explained by
variables captured in this study. Specifically, age explained the highest amount of variation
at 18% (52% of the total variation explained). Three other variables included in the model:
recent antibiotic exposure, sex, and smoke exposure, each accounted for approximately 5%
of the total variation.

Diversity analyses confirmed age as an important predictor of the fecal bacterial populations
within these patients. Patients >2 years old had higher fecal bacterial alpha diversity by all
analyses conducted (Observed OTUs [Figure 1A], Faith’s Phylogenetic Diversity and
Plielou’s Evenness [not shown]) and clustered separately by beta diversity (Weighted
UniFrac [Figure 1B] as well as Bray-Curtis and Unweighted UniFrac [not shown])
compared to their younger counterparts (<1.3 years old, including 3 children approximately
1 year of age).

To account for the effect of age on microbial populations, a new model guided by gradient-
clustering (by age of subjects) of bacterial relative abundances was constructed in gneiss.
Gradient clustering by age creates balances (or groups of bacteria that change in relative
proportion to one another) that diverge from youngest to oldest age, allowing the taxa that
best explain age to be identified in the model. This new model utilized the same host-related
variables from the original model (age, antibiotic exposure, sex, and smoke exposure; Figure

Pediatr Pulmonol. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Loman et al.

Page 6

1C and 1D). The resulting balance explaining the most variation by age (y0) contained 171
total OTUs, 100 of which were relatively more abundant in patients greater than 2 years in
age (Supplementary Figure 1, Figure 1E). Within this balance, the relative abundances of 32
taxa were higher by Wilcoxon test in patients above age 2 (Figure 1F). From this group of
taxa the relative abundances of Blautiaand Parabacteroides in particular were positively
correlated to age (Spearman’s rho = 0.65 and 0.84 respectively, p values 0.004 and < 0.001).
Overall, these data indicated that there was a distinct difference in the fecal bacteriomes of
children with CF up to 1.3 years of age (the oldest child included under age 2) compared to
their older counterparts.

We then used PICRUSt to predict metagenome functional pathways based on the changes in
the above microbial populations. Three pathways were predicted to be enriched in the older
age group after statistical correction for multiple hypothesis testing: 1) L-glutamate and L-
glutamine biosynthesis, 2) polyamine biosynthesis, and 3) L-isoleucine biosynthesis (Figure
1G). Six pathways were predicted to be enriched in infants and children with SHSe (the top
pathway being adenosine salvage), but none were significant after statistical correction for
multiple hypothesis testing. There were also no significant differences in functional
pathways when stratified by recent antibiotic exposure, mode of delivery, or breastfeeding.

Secondhand smoke and recent antibiotic exposure are associated with changes in the CF
fecal bacteriome

Recently, we demonstrated that objective SHSe in young CF children increases the presence
of bacterial pathogens in oropharyngeal cultures and decreases macrophage-mediated Killing
of bacteria.2! Although young children with CF often do not experience as many severe
exacerbations as older patients with more severe disease, exposure to oral antibiotics
(ABXe) that may also alter bacterial communities is common. To determine if SHSe and
ABXe alter fecal bacteria, we examined the fecal bacteriome of the children in this study
according to hair nicotine concentrations and recent antibiotic exposure (defined as exposure
in the past month). As expected, ABXe was associated with decreased alpha diversity
(Pielou’s Evenness only, Figure 2A), and created distinct clustering by beta diversity
(Weighted UniFrac [Figure 2B] and Bray-Curtis [not shown]). While SHSe had no
significant effect on diversity outcomes, it shared similarities with ABXe in the bacterial
taxa affected. Children with SHSe, ABXe, or a combination had lower relative abundance of
Bifidobacteriumand Lactobacillus when compared to children not exposed to either ABXe
or SHSe (Figure 2C and 2D).

Given the drastic differences in bacterial composition in children less than 1.3 years old vs.
those greater than 2, additional sub-analyses were conducted on the group of children less
than 1.3 years old (the larger of the two age groups). Within this subset, children with ABXe
had an associated lower relative abundance of the otherwise highly abundant Bacteroides
(Figure 2E), and children with SHSe had higher relative abundance of both Acinetobacter
(Figure 2F) and Akkermansia (Figure 2G), which had relatively low abundances. Diversity
outcomes were not different from the full cohort. Combined, these results indicate that in
addition to increasing the presence of airway pathogens?!, SHSe and ABXe are associated
with changes in the fecal bacteriome of young children with CF.
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Birth mode and feeding mode influence the early CF fecal bacteriome

Next, we examined the influence of other external factors commonly known to shape the
developing intestinal microbiome of young children, namely birth and feeding modes, in the
subset of children less than 1.3 years old. Birth by caesarian-section was associated with
higher alpha diversity than vaginal birth (Faith’s Phylogenetic Diversity, Figure 3A, and
Observed OTUs). However, this difference did not extend to clustering by beta diversity. A
single genus, Turicibacter, was higher in children born by caesarian-section (detected in all
such individuals, albeit at a low relative abundance), and was undetected in all vaginally-
born children (Figure 3B).

Children who were exclusively formula fed vs breast fed or mixed formula and breast fed
had similar alpha (Faith’s Phylogenetic Diversity p=0.09, other metrics p > 0.1, Figure 3C)
and beta diversity (not shown). However, the relative abundance of the genus Lactococcus
was higher in children who were exclusively formula fed (Figure 3D).

Associations of fecal bacteria with clinical outcomes and metabolites

Lastly, we determined associations between intestinal bacteria and clinical outcomes and
biochemical data, beginning with growth outcomes. We found that weight for length z scores
were negatively associated with relative abundances of Faecalibacterium and
Staphylococcus (Spearman’s rho = —0.79 and —0.76 respectively, p values 0.002 and 0.006).
There were no significant associations with weight or length scores when analyzed
separately. We then analyzed associations with pulmonary outcomes. There were no
significant bacterial species associations with either FEV4 or hospitalization for pulmonary
exacerbation in the past 6 months. Finally, we examined associations with arachidonic acid
metabolite levels from serum. We previously demonstrated that arachidonic acid metabolites
were biomarkers of worsened clinical outcomes in young CF children with SHSe.2! We
found that the metabolite 8-iso-PGF2a was positively associated with relative abundances of
Peptoclostridium and Blautia (Spearman’s rho = 0.84 and 0.78 respectively, p values 0.006
and 0.008). There were no other significant association between intestinal bacteria and
arachidonic acid metabolites.

DISCUSSION

Mechanisms that facilitate early infection and inflammation in CF remain unclear, which
hinders new therapeutic development. We report fecal bacteriome findings from a small
cohort of well-phenotyped infants with CF. We found that SHSe and other modifiable factors
such as antibiotics were associated with changes in intestinal microbial composition in
young CF children, but the strongest predictor of overall composition was age. These
findings are important as we continue to differentiate controllable and non-controllable
factors that shape the developing intestinal microbiome in young CF children.

SHSe has many negative impacts on lung function, nutrition, and immune function in
children with CF, a summary of which can be found in a separate review.33 The impact of
SHSe on different microbiomes, and particularly the intestinal microbiome, is poorly
understood and has not been previously reported in CF. In contrast, a recent review of adult
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non-CF literature demonstrates that primary tobacco smoking alters the composition of the
intestinal microbiome.3# In particular, studies have demonstrated relatively higher
Clostridium and Prevotella as well as relatively lower abundance of Bifidobacterium and
Lactococcus.3* There is limited data on SHSe’s influence on the intestinal microbiome in
non-CF children, but maternal smoking is associated with higher abundance of
Ruminococcus and Akkermansia in non-CF neonates and higher Staphylococcus in older
infants (reviewed in3%). In our study, SHSe was associated with higher relative abundance of
opportunistic pathogens such as Acinetobacter. However, SHSe was also associated with
lower relative abundance of Bifidobacterium and higher relative abundance of Akkermansia,
similar to results in primary smokers and non-CF infants. Increased relative abundance of
Akkermansia with smoke exposure is particularly interesting, given its intimate association
with the intestinal mucus layer.36 Just as smoke exposure increases mucus secretion and
thickness in the lung, smoking (in the form of nicotine exposure) can induce the same
phenotype in the colon.3” The higher relative abundance of Akkermansia may be associated
with changes in the colonic mucus layer in this cohort, although this requires further study.
Our findings suggest that while SHSe is associated with an altered intestinal microbiome in
CF, there are both similar and unique compositional changes in response to SHSe in
comparison to non-CF children. It is unclear if these changes in the intestinal microbiome
during SHSe translate into intestinal dysbiosis. Overall, our findings need confirmation in
larger cohorts containing young children with and without CF, as well as in longitudinal
cohorts to determine whether the community shifts observed may be amenable to
therapeutic manipulation.

Interestingly, reductions in generally beneficial Bifidobacteriaand Lactobacillus (fellow
lactic acid bacteria sharing an order with Lactococcus) in young children with CF and SHSe
paralleled reductions in these same genera in children with recent antibiotic exposure
independent of SHSe. In this small study it was difficult to tell whether these genera are
further reduced when both factors are present. This will be important to test in future studies
as children with CF, who often receive antibiotics during disease exacerbations, may be at
higher risk of changes in the intestinal microbiome if they are also exposed to SHSe.
However, a causal relationship between SHSe, antibiotic use, and reduced Bifidobacteria and
Lactobacillus has not been determined. Further, it is unclear if SHSe and antibiotics suppress
specific bacterial populations through similar mechanisms or unique pathways, or how
overall health changes from SHSe may influence the intestinal microbiome. Recent
antibiotic use alone also greatly reduced Bacteroides and predicted overall bacterial
population structure in CF children less than 1.3 years old. Reductions in Bacteroides are
consistent with other studies in children with CF,514:38:39 including children and young
adults with CF and cirrhosis.#? It is unknown whether therapeutic alteration of individual
Bifidobacteria and/or Lactobacillus populations through prebiotic or probiotic formulations
would have benefit in CF and non-CF children with SHSe, but this could be explored in
future studies, particularly for their ability to reduce inflammation given the pro-
inflammatory nature of SHSe.

Not surprisingly, we found that age was the most predictive factor of overall fecal microbial
composition. This is likely reflective of a combination of factors associated with early
development that have been previously described elsewhere,11:41 including dietary changes,
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increased environmental exposures, exposure to medications, and maturation of immune
responses. These are multiple aspects that can confound microbiome analysis that we
controlled for to the best of our ability in this hypothesis-generating study. Although
multiple studies have demonstrated alterations between age-matched CF and non-CF fecal
samples, one group compared children with CF and their healthy siblings in an attempt to
control for genetic and environmental factors.38 While their cross-sectional data indicated
similar species richness between siblings, longitudinal sampling revealed lower temporal
stability and lower species richness in the CF fecal samples. A recent study also showed that
CFTR mutations in a germ-free mouse model are sufficient to drive changes in the intestinal
microbiome.#2 Together, these and other studies would suggest that alterations in the CF
microbiome over time are at least partially dependent on factors intrinsic to CFTR
dysfunction.

Dietary factors undoubtedly drive changes in the intestinal microbiome, which may offer the
best explanation for age driving differences in bacterial composition in this study. The
dietary transition from primarily liquid to solid foods around the age of nine to eighteen
months coincides with a large shift in the intestinal bacteriome based on the availability of
new substrates entering the gastrointestinal tract,3 and is reflective of the distinction
between those children above and below the age of two in this cohort. Solid foods offer
increased microbially available carbohydrates, which specifically foster the growth of
Bacteroides, Parabacteroides, Faecalibacterium, Butyricicoccus, Oscillibacter, Coprococcus,
Blautia, and other members of Lachnospiraceae in children without CF:4344 the majority of
which are also negatively associated with the duration of exclusive breast feeding.4> All of
these taxa are included in the major differential abundances explaining variability by age in
the children with CF in this study.

We also found higher relative abundance of Blautiaand Parabacteroidesto be correlated
with age. Further, the oxidative stress marker 8-iso-PGF2a also correlated with Blautia
relative abundance. Blautiawas previously observed to increase in relative abundance over
time in both fecal and oropharyngeal samples from infants with CF12, and has been detected
in fecal samples from two other CF cohorts.1040 CF is associated with increased oxidative
stress,*6 and increases in Blautia with time may be reflective of the overall changes in the
oxidative state of CF. In contrast to increases in Blautiain prior CF studies, the relative
abundance of Parabacteroides was shown to decrease prior to the onset of 2 aeruginosa
colonization in a past study of CF patients.13 As over half of our CF patients had 2
aeruginosa colonization and increased Parabacteroides abundance with increasing age, our
findings would indicate that decreases in Parabacteroides prior to P. aeruginosa colonization
are not likely to be sustained with age in young children. However, changes in
Parabacteroides would need to be replicated in a larger, longitudinal cohort.

In addition to age-related changes in microbial composition, we found that relative
abundances of Faecalibacterium (known butyrate-producing bacteria) and Staphylococcus (a
genus with many opportunistic pathogens) were higher in individuals with lower weight/
length Z scores, independent of age. Specifically, the association with Staphylococcus
suggests pathobiont-associated changes in nutritional outcomes that may be reflective of a
variety of factors including alterations in metabolism# associated with high fat diets used in
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CF, and recurrent antibiotic use in CF patients with poor growth and associated respiratory
complications. The influence of CFTR modulators upon these specific changes in the
intestinal microbiome and associated clinical outcomes is a topic for future studies.

Our study results were limited by the use of a small, single-center cohort containing CF
infants and young children only. Healthy controls were not available at the time of sampling,
limiting a comparison of SHSe between CF and non-CF controls. Further, fecal samples
were only available at a single time point during a period of clinical stability. Longitudinal
comparisons within larger cohorts also containing children without CF are needed for future
studies. Specific information on dietary factors that could influence intestinal bacteria was
also not available, beyond measures of breast versus bottle-feeding. However, the available
cohort for this pilot study was otherwise well-phenotyped including objective measures of
SHSe, which are not commonly reported in other microbiome studies. Another limitation
was 16S rRNA gene amplicon targeted sequencing, which does not estimate the functional
potential of bacterial populations and introduces bias based on the hypervariable region
amplified. Future metagenomic sequencing analyses coupled with metabolomic analyses
may discover functional metabolic changes in the microbiome that our PICRUSt analyses
were unable to predict. Finally, we did not correct for multiple hypothesis testing in this
exploratory analysis, and confirmation of our findings in a larger cohort is warranted.

In summary, SHSe and other external factors such as antibiotics are associated with
alterations in fecal bacteriome composition in young CF children, but the strongest predictor
of overall composition was age. These findings have implications for the continued
understanding of the developing intestinal microbiome in young CF children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Ageistheprimary driver of thefecal bacteriome of young children with CF.
Sequencing of the bacterial 16S rRNA gene in fecal samples from children with CF revealed

that children above the age of two years had (A) higher alpha diversity (as measured by
observed OTUs, Kruskal-Wallis) and (B) clustered distinctly by beta diversity (as measured
by unweighted UniFrac distance, PERMAVONA) compared to their younger counterparts
(<1.3 years old). (C-D) Linear modeling by multiple regression using Gneiss revealed that
age explained the highest amount of variation in fecal bacterial communities, while
antibiotic exposure, sex, and second-hand smoke exposure explained variation to a lesser
extent. (E-F) Closer inspection of the group of co-occuring bacterial taxa that best-explained
variation by age (“y0”) in the linear model (E) indicated ten genera (F) that were also
different by Wilcoxon test. Several bacterial metagenomic pathways predicted by PICRUSt
analysis related to amino acid metabolism were higher in children with CF greater than two
years old (G).
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Figure 2: Secondhand smoke and recent antibiotic exposure are associated with changesin the
CF fecal bacteriome.

Continued analysis of the bacterial 16S rRNA gene in fecal samples from children with CF
demonstrated that recent antibiotic exposure (ABXe) conferred (A) lower alpha diversity (as
measured by Pielou’s Evenness, Kruskal-Wallis) and (B) distinct clustering by beta diversity
(as measured by weighted UniFrac distances, PERMAVONA), whereas second-hand smoke
exposure (SHSe) did not alter diversity metrics (not shown). (C-D) Both ABXe and SHSe
additively reduce the relative abundance of Bifidobacteriumand Lactobacillus in children
less than 1.3 years old, where + indicates groups that were positive for the given exposure
(Wilcoxon). (E) Children with ABXe also have a lower fecal relative abundance of
Bacteroides in children less than 1.3 years old (Wilcoxon). (F-G) Children less than 1.3
years old with SHSe additionally have higher fecal relative abundances of both
Acinetobacter and Akkermansia (Wilcoxon).
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Figure 3: Birth mode and feeding mode influence the early CF fecal bacteriome.
Continued analysis of the bacterial 16S rRNA gene in fecal samples from children with CF

less than 1.3 years old determined that (A) birth by caesarian section (C-section) increased
alpha diversity (as measured by Faith’s Phylogenetic Distance, Kruskal-Wallis), but did not
alter beta diversity (data not shown). (B) Specifically, fecal relative abundance of
Turicibacterwas higher in children born by c-section (Wilcoxon). (C) Exclusive formula
feeding also increased alpha diversity (as measured by Faith’s Phylogenetic Distance,
Kruskal-Wallis), but did not alter beta diversity (data not shown). (D) Specifically, fecal
relative abundance of Lactococcus were higher in exclusively formula-fed children

(Wilcoxon).
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Table 1:
Cohort Demographics
All, n=20 <13y,n=12 >2y,n=8 P value

Age (years) 1.67+151 06+0.4 33+10 <0.0001
Sex (% Female) 50.0% 58.3% 37.5% 0.39
Pancreatic Insufficiency 95.0% 91.7% 100% 0.42
Genotype

Phe508del homozygous 55.0% 50.0% 62.5% 0.61

Phe508del heterozygous 100% 100% 100% n/a
FEV,5/FEV, % predicted 939+17.1 9514207 920+98 0.74
HX P, aeruginosa 55% 50.0% 62.5% 0.61
Hx MRSA 25% 16.7% 37.5% 0.32
Smoke exposure via hair nicotine  60% 50.0% 75.0% 0.29
Exclusively breastfed 25% 16.7% 37.5% 0.32
BMI (wt/length) z score -0.21+0.98 -0.21+1.02 =0.22+0.98 0.99
Recent antibiotic exposure ™ 55.5% 58.3% 50.0% 073

Hx- history; MRSA- methicillin resistant staphylococcus aureus;

FEV-Forced expiratory volume

*
Within the last month

P values represent differences between the infant and child groups.
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