communications
biology

ARTICLE (B crock o pstes

https://doi.org/10.1038/s42003-022-04101-5

Cftr deletion in mouse epithelial and immune cells
differentially influence the intestinal microbiota

Callie E. Scull® !, Meng Luo', Scott Jennings', Christopher M. Taylor® ' & Guoshun Wang® ™

Cystic fibrosis (CF) is a life-threatening genetic disorder, caused by mutations in the CF
transmembrane-conductance regulator gene (cftr) that encodes CFTR, a cAMP-activated
chloride and bicarbonate channel. Clinically, CF lung disease dominates the adult patient
population. However, its gastrointestinal illness claims the early morbidity and mortality,
manifesting as intestinal dysbiosis, inflammation and obstruction. As CF is widely accepted as
a disease of epithelial dysfunction, it is unknown whether CFTR loss-of-function in immune
cells contributes to these clinical outcomes. Using cftr genetic knockout and bone marrow
transplantation mouse models, we performed 16S rRNA gene sequencing of the intestinal
microbes. Here we show that cftr deletion in both epithelial and immune cells collectively
influence the intestinal microbiota. However, the immune defect is a major factor determining
the dysbiosis in the small intestine, while the epithelial defect largely influences that in the
large intestine. This finding revises the current concept by suggesting that CF epithelial defect
and immune defect play differential roles in CF intestinal disease.
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autosomal recessive genetic disorders, affecting 1/~3000

live births in the United States and at least 70,000 patients
worldwide!. The responsible gene encodes CF Transmembrane-
conductance Regulator (CFTR), a cAMP-activated chloride and
bicarbonate channel>. Clinically, CF targets multiple organ
systems, including the lung, intestines, liver, pancreas, and
reproductive system>®. While the pulmonary disease dominates
the adult patient population, the gastrointestinal disease that
begins in utero causes early morbidity and mortality. Meconium
ileus presents in up to 20% of infants with CF’. Despite inter-
ventions, intestinal problems, such as constipation and distal
intestinal obstruction syndrome, persist throughout life$?.

The innermost part of intestines is lined by an epithelium that
consists of enterocytes, goblet cells, enteroendocrine cells, Paneth
cells, and others. Enterocytes are the predominant cell type,
occupying ~90% of the epithelium, followed by goblet cells (~8%)
and enteroendocrine cells (~1%)10. Although Paneth cells have no
detectable CFTR!L, all the major epithelial cells have been shown
to express this channel!?-14, CFTR mediates the secretion of
chloride across the epithelial layer, and plays a critical role in
regulating salt and water flux into the intestinal lumen to main-
tain fluidity of the luminal contents!>. CFTR also conducts
bicarbonate, which is important to neutralize the acidic bile
leaving the stomach!®. A dysregulated CFTR has been linked to
acidification of intestinal lumen pH!”7, small intestinal bacterial
overgrowth!®19, large intestinal dysbiosis, and distal intestinal
obstruction syndrome2021. As all these pathological changes
occur in the intestinal lumen, it is widely believed that CFTR
defect in the epithelial cells is primarily responsible for the
intestinal disease. However, emerging evidence suggests that host
immune system directly affects commensal bacteria, crucial to
intestinal health?2-24, CFTR dysfunction in CF humans and mice
is found to actively select the gut microbiome2°-2%, and causes
heightened inflammation with increased numbers of inflamma-
tory cells in the intestines®*31. Furthermore, extensive research
demonstrates that CFTR loss-of-function in immune cells,
including neutrophils®2-33, monocytes343>, and macrophages,
compromises their immune functions?%36-42, Despite these
functional impairments, it is not determined whether the CF
immune defect is directly involved in shaping the intestinal
microbiota.

In this report, we hypothesized that both CF epithelial defect
and immune defect jointly influence the intestinal microbiota,
thus contributing to the disease pathogenesis. To test this
hypothesis, we interrogated the intestinal microbiomes of WT
mice and various types of CF mice with CFTR loss-of-function in
either whole body or different innate immune cells. We also
investigated the intestinal microbiomes of WT and CF mice with
immune replacement via bone marrow transplantation (BMT).
Data demonstrate that the epithelial defect and the immune
defect in CF affect the intestinal microbiota differentially.

C ystic fibrosis (CF), one of the most common and fatal

Results

Intestinal microbiome profiling of WT and CF mice. Previous
studies have shown that CF humans?®, mice??, and rabbits*? have
an altered intestinal microbiome when compared to their control
cohorts. However, these CF subjects had ubiquitous CFTR loss-
of-function in their entire body. Thus, it is impossible to deter-
mine if the microbiome alteration was induced by the intestinal
epithelial defect, the immune defect, or a combination of both. To
address this issue, we had created three cftr knockout mouse
models: Myeloid CF (Mye-CF), Macrophage CF (Mac-CF), and
Neutrophil CF (Neu-CF), as described in Materials and Methods.
These lines of cftr-deletion mice represented different scales of

immune defect. Pan-CF had whole-body cftr deletion, the most
severe form of defect. Mye-CF had neutrophil, monocyte and
macrophage cftr deletions, the second severe form of defect. Mac-
CF had cftr deletion only in macrophages, and Neu-CF only in
neutrophils, each representing the least form of defect. Four cages
of age- and sex-matched animals were established with each cage
containing a WT, a Pan-CF, a Mye-CF, a Mac-CF, and a Neu-CF
mouse (Fig. 1a). After co-housing for two months, fecal pellets
from each animal were harvested sterilely. Then, the animals were
euthanized, and the contents from their small and large intestines
were separately collected. Tissues from these intestines were also
preserved for histology. The obtained feces and intestinal contents
were extracted for microbial DNAs and subjected to PCR
amplification of the variable region of the 16S rRNA gene, fol-
lowed by sequencing for microbiome profiling. A taxonomic bar
graph for each sample of the top 15 bacterial taxa, inferred from
the total microbiomes of all samples, was compiled to show the
microbial landscapes in the intestines and feces of all animals
(Fig. 1b). The taxonomic graph of the data sorted by cage is also
provided (Supplementary Fig. 1 and Supplementary Data 1).

CFTR loss of function in different tissues influences alpha and
beta diversities of the intestinal microbiomes differently. To
compare the intestinal microbiomes, we first performed alpha
diversity analyses to measure variables within each sample
(community), such as richness (quantity of species), evenness
(proportion of species), and diversity (total number and relative
abundance (RA) of species)*4>, Microbial richness was gauged
by operational taxonomic units (OTUs) based on sequence
similarities, microbial evenness by Shannon index determined by
RA of the taxa present*$45, and microbial diversity by phyloge-
netic diversity (PD or Faith’s PD) defined by microbial
relatedness*”#3. Data demonstrate that Pan-CF mice had sig-
nificantly reduced OTUs as compared to WT, Mye-CF, Mac-CF
and Neu-CF mice (Fig. 2a and Supplementary Data 2). Further-
more, Pan-CF mice had reduced bacterial evenness (Shannon
index) (Fig. 2b and Supplementary Data 3) and reduced PD
(Fig. 2c and Supplementary Data 4), as compared to WT, Mac-CF
and Neu-CF mice. However, Mye-CF and Pan-CF had no dif-
ferences in Shannon index (Fig. 2b) and in Faith’s PD (Fig. 2c).
Thus, Pan-CF mice had the most drastic changes in intestinal
microbiota, and the combined CFTR loss of function in neu-
trophils, monocytes and macrophages in Mye-CF mice influenced
the intestinal microbiota in a way similar to ubiquitous CFTR loss
of function. However, cftr deletion in macrophages or neutrophils
alone had little to no influence on the microbiota as was closer to
WT mice. These data suggest that the innate immune defect
contributes to the altered CF intestinal microbiota.

While alpha diversity focuses on microbial variations within a
microbial community (sample), beta diversity quantifies (dis-)
similarities between communities (samples). Microbiome simi-
larity or dissimilarity can be measured by Bray-Curtis Beta
diversity metrics*>. When visualized graphically, samples plotted
close to one another mean that their microbiomes share more
similarities; while samples plotted far apart from one another
typically have more unrelated microbiomes.

From the principle component analysis (PCA) plot, we can
evaluate how similar or dissimilar the intestinal microbiomes of
all mouse genotypes were related to one another (Fig. 2d).
Individual PCA plots by intestinal location are also presented
(Supplementary Fig. 2). It is obvious that in the small intestine
Pan-CF mice were most dissimilar among the five genotypes,
while Neu-CF and WT mice were most similar. Intriguingly, the
loss of CFTR in Mye-CF and Mac-CF mice resulted in the most
microbial diversity in this segment of intestine. In contrast, the
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Fig. 1 Experimental design and top bacterial taxa of gut microbiota from multi-genotype co-housing mice. a Schematic of multi-genotype co-housing.
Five genotypes of mice (WT, Pan-CF, Mye-CF, Mac-CF and Neu-CF) were co-housed for 2 months for intestinal microbiota analyses. b Taxonomic data
showing the relative frequency of bacterial taxa of the top 15 bacterial taxa from all co-house mice. Samples are grouped by genotype and by location

(h=4).

large intestine and fecal samples congregated, but Pan-CF mice
were still most dissimilar. As the small intestine is the site most
susceptible to pathology and obstruction in CF, our data suggest
that the host innate immunity plays a direct role in shaping the
diverse mouse microbiomes at this location.

Different scales of CFTR loss of function alters the abundances
of intestinal bacterial taxa differently. We then assessed the
composition of the bacterial communities within the intestines to
determine how the loss of CFTR in Pan-CF and immune-specific
CF mice influenced the gut microbiome compared to WT mice.
Data show that Pan-CF mice had 22 bacterial taxa with sig-
nificant difference in abundance, as compared to WT mice
(Supplementary Table 1). Out of the 22 taxa, 11 were found in the
small intestine with 3 increased and 8 decreased (Fig. 2e).
Notably, the 3 increased taxa were Faecalibaculum rodentium,
Ligilactobacillus faecis, and Parasutterella excrementihominis. The
other 11 taxa were found in the large intestine with 2 increased
and 9 decreased. The 2 increased ones were Lactobacillus gasseri
and Bifidobacterium pseudolongum (Fig. 2e). Furthermore, Mye-
CF mice had 1 taxon with significant difference in abundance as

compared to WT mice. Desulfovibrio was significantly less in the
Mye-CF small intestine (Supplementary Table 2). Intriguingly,
Neu-CF had the similar Desulfovibrio difference in the small
intestine (Supplementary Table 3). Altogether, these data suggest
that ubiquitous loss of CFTR results in greater changes in overall
intestinal microbial taxa, and the innate immune defect can affect
the taxa but to a lesser extent.

CF innate immune defect leads to significant increase in goblet
cell density. Goblet cells play an important role in intestinal
function by secreting mucins to form a mucus layer to coat the
gastrointestinal tract®?. Goblet cell hypertrophy and hyperplasia
phenotypically reflect the severity of CF intestinal disease. More
importantly, the microbiome was reported to influence goblet cell
numbers in the intestines®!2. Thus, we predicted that the altered
intestinal microbiota in the different CF mice should affect goblet
cell density. Because small intestine is the most obstructive site in
CF, we thus focused our goblet cell examination on this location.
The proximal, middle, and distal regions of the small intestine
were processed for histological examination, and goblet cells were
counted against the enterocytes in randomly selected wvilli
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Fig. 2 Differences in alpha and beta diversities in the gut microbiota from different genotypes of CF mice. a Observed OTUs were used to measure
species abundance within a sample. The Pan-CF mice have a significantly reduced number of OTUs as compared to WT, Mac-CF, Neu-CF, and Mye-CF.
Data were obtained from Qiime2 by Kruskal-Wallis (pairwise) comparison (***p <0.001; n =12 from four animals per genotype and three sampling
locations per animal). b Shannon Index to measure population evenness. Pan-CF mice have a significantly reduced Shannon index when compared to WT,
Mac-CF, and Neu-CF (n=12). Data were obtained from Qiime2 by Kruskal-Wallis (pairwise) comparison (*p <0.05; n =12 from four animals per
genotype and three sampling locations per animal). € Phylogenetic diversity judged by Faith’s phylogenetic diversity (Faith’s PD). The Pan-CF mice have a
significantly reduced phylogenetic distance as compared to WT, Mac-CF, and Neu-CF. Data were obtained from Qiime2 by Kruskal-Wallis (pairwise)
comparison (*p <0.05 or **p < 0.01; n=12 from four animals per genotype and three sampling locations per animal). d Bray-Curtis PCA plot to show
similarity and dissimilarity of the gut microbiomes from the five genotypes at all three sampling locations. Small intestinal samples are more dissimilar,
while the large intestine and fecal samples congregate (n = 4 for each genotype). e Heatmaps to compare significant differences in abundance of microbial
taxa between WT vs. Pan-CF in the small and large intestine. Significance determined using FDR BH corrected p values (p < 0.05; g< 0.1 n=4). a-c Box
plots are shown as interquartile (box), median (horizontal line), minimum and maximum values (error bars).

(Fig. 3a). Quantitative data of the five genotypes demonstrate that
across all three regions of the small intestine, Pan-CF, Mye-CF,
Mac-CF and Neu-CF all had a significantly higher goblet cell
density than did WT mice (Fig. 3b and Supplementary Data 5).
Furthermore, in the middle and distal regions, Pan-CF mice had a
significantly higher goblet cell density than Mye-CF, Mac-CF and
Neu-CF mice. Therefore, loss of CFTR in the innate immune cells
leads to an increased density of goblet cells in the small intestine,
and additional epithelial defect exacerbates this CF phenotype.

Intestinal microbiome profiling of BMT mice. To confirm the
above results from the genetic cftr-deletion mice, we performed
BMT between WT and Pan-CF sibling mice, as diagrammed
(Fig. 4a). This design would diminish any potential confounding
variables from genetic backgrounds. Three groups of animals
were established: Group #1—WT mice transplanted with WT
marrow cells (WT-to-WT), Group #2—CF mice transplanted
with WT marrow cells (WT-to-CF), and Group #3—CF mice
transplanted with CF marrow cells (CF-to-CF). As a result, the
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Fig. 3 Loss of CFTR in different tissues affects goblet cell intensity in the small intestine at different levels. Tissues from the proximal, middle, and
distal regions of the small intestines were processed for paraffin-embedment. Slides were stained with Hematoxylin-Eosin (HE) dyes for histological
examination and goblet cell counting. a Representative villi from the small intestine of each genotype showing goblet cells (arrows). Scale bars correspond
to 30 um. b Goblet cells were counted out of 1000 enterocytes from randomly selected views of villi. Eight tissue pieces were counted from each genotype
(n=8). Statistic differences were determined by two-tailed unpaired Student's t test. Data are shown as mean + SD (***p < 0.001, **p < 0.01, and

*p<0.05).

WT-to-WT mice had CFTR expression in all epithelial and
immune cells, the WT-to-CF mice had CFTR expression only in
immune cells, and the CF-to-CF mice had no CFTR expression in
any cells. Three co-housing cages were set with each cage con-
taining one animal from each group. Intestinal and fecal micro-
biomes were similarly profiled. To assess how CF immune defect
contributes to changes in the microbiome, we first compared
Group #2 with Group# 3 to appreciate the immune influence on
the microbiome. Then, we compared Group #1 and Group #2 to
determine the epithelial influence on the microbiome. Taxonomic
bar graph of each sample of the top 20 bacterial taxa, inferred
from the total microbiome of all samples, was compiled to show
the overview of the microbiomes in the intestines and feces of all
animals (Fig. 4b). The taxonomic graph of the data sorted by cage
is also presented in Supplementary Data (Supplementary Fig. 3
and Supplementary Data 6).

CF epithelial defect and immune defect influence intestinal
microbiota differentially in BMT mice. To judge inter-group
microbiome similarity or dissimilarity in the BMT mice, we
performed beta diversity analysis on the three groups. Results
show that the most substantial microbial changes occurred in the
small intestine (Fig. 5a). PCA plots by locations are also provided
(Supplementary Fig. 4). The microbiomes of CF-to-CF mice were
close to each other, from which the microbiomes of WT-to-CF

mice were distant, indicating that alteration of the immune sys-
tem resulted in the microbiome change in this location.

To specifically address how the immune system alters the gut
taxa in these mice, we analyzed differentially abundant taxa in the
small and large intestines of the BMT mice. The heatmaps
(Fig. 5b) show that WT bone marrow affected the abundance of
intestinal bacterial taxa in CF recipient mice. In the small
intestine, altering the immune system (WT-to-CF vs. CF-to-CF)
impacted 8 taxa significantly, with 3 increased in WT-to-CF mice
as compared to CF-to-CF (Fig. 5b). In the large intestine, the
same immune alteration significantly affected 5 taxa. These
bacterial taxa with different RA are listed (Supplementary
Table 4). In contrast, the epithelial defect (WT-to-WT vs WT-
to-CF) influenced 1 taxon in the small intestine, and 6 taxa in the
large intestine (Fig. 5c), which are also listed (Supplementary
Table 5). From these data, we conclude that the small intestinal
microbiota was more sensitive to host immune modulation than
the large intestinal microbiota. Hence, CF immune defect is a
major contributor to small intestine dysbiosis seen in CF.

Predictive functional analysis using PICRUSt2. Different
microbes have different signatures of gene functionality, which
are ultimately responsible for different microbial behaviors. To
investigate how the host selection of intestinal microbiota in CF
imprints the bacterial functionality, Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States
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(PICRUSt2) was used to predict microbial functional profiles
from the metagenomics data of our five-genotype co-housing and
BMT co-housing experiments. The obtained 16S rRNA gene
sequencing data were compared to obtain the RA of predicted
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways or
KEGG orthology (KeO) features among the five-genotype mice as
well as among the BMT mice (Supplementary Data 7 and 8).
Data from the five-genotype co-housing experiment revealed a
total of 81 significant KeO features from multiple comparisons
using ANOVA, Tukey-Kramer, and Benjamini-Hochberg false
discovery rate (FDR) (Supplementary Data 9). The top 5 were
associated with flagellar functions (flagellar hook-associated
proteins 1 and 2, flagellar motor switch protein, flagellar secretion
chaperone, and flagellar hook-basal body complex protein),
which were significantly decreased in Pan-CF mice as compared
to Mye-CF, Mac-CF, Neu-CF and WT mice (Fig. 6a), implying

that the ubiquitous CFTR loss of function selects for bacteria with
weakened flagellar function.

We also focused on five specific KeO features that did not show
any significant differences between Pan-CF and Mye-CF. As these
CF mice shared the same innate immune defect, we thus reasoned
that these non-altered specific KeO features would be likely
associated with the innate immune defect. As displayed (Fig. 6b),
these features were mostly related to molecular modification, such
as B-1,6-Galactosyltransferase, a key enzyme that adds galactose
residues to galactan chains®3, prepilin peptidases that cleave
prepilin for pili formation®¥, and carbohydrates/glycans and
glycosyltransferases that decorate proteins and lipids®>. Abnormal
modifications of carbohydrates, proteins and lipids can lead to
unregulated activation of the immune system and exuberate
inflammatory responses®®. Moreover, we noted that there were 3
KeO features that did not show any difference between Pan-CF
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Fig. 6 Comparison of KEGG Ortholog predictive functionality via PICRUSt2. a Top 5 significant differences in PICRUSt2-predicted KEGG pathways
between multi-genotype co-housed animals (***p < 0.001). b Top 5 PICRUSt2-predicted KeO pathways with no difference between Pan-CF and Mye-CF.
¢ Top 3 PICRUSt2-predicted KeO pathways with no difference between Pan-CF and Mac-CF, suggesting the importance of the respective innate immunity
in modulating these aspects of microbial functionality. Multiple-group comparisons were analyzed using ANOVA and Tukey-Kramer (n =12 from four
animals per genotype and three sampling locations per animal) (p < 0.05 for the shown KEGG features) (***p <0.007). a, b Box plots are shown as
interquartile (box), median (horizontal line), minimum and maximum values (error bars).
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Fig. 7 Immune and epithelial comparison of KEGG ortholog predictive functionality via PICRUSt2. a Top 10 significant differences in KEGG pathways
between WT-to-CF vs. CF-to-CF microbiota. Two-group comparisons were done using Welch's t-test (p < 0.05 for the shown KEGG features)
(***p < 0.001). Box plots are shown as interquartile (box), median (horizontal line), minimum and maximum values (error bars).

and Mac-CF (Fig. 6¢c). These features involve g-D-glutamyl-meso-
diaminopimelate peptidase, a metalloproteinase; dihydroorotate
dehydrogenase (DHODH), an enzyme for de novo pyrimidine
biosynthesis®”; and formate c-acetyltransferase, an enzyme in
fermentation of pyruvates,

We next analyzed the predicted functions of the microbiomes
across the BMT mice. Comparing WT-to-CF with CF-to-CF
mice, which differed only in the immune system, revealed
250 significant KeO features (Supplementary Data 10), with the
top 10 involved in metabolism, cell signaling and environmental
information processing. Eight of these ten features were
upregulated in WT-to-CF gut microbiota, suggesting that loss
of CFTR function in the immune system diminishes the bacteria

with such functions (Fig. 7). Specifically, nitrate reductase/nitrate
oxidoreductase alpha and beta subunits, Nitrate reductase
molybdenum cofactor assembly chaperone Nar]J/NarW, divalent
anion-Na™ symportor, fumarate reductase flavoprotein subunit,
cysteine-S-conjugate beta-lyase, membrane-associated protein,
and phosphatidylethanolamine-binding protein were significantly
increased in the WT-to-CF gut microbiota as compared to the
CF-to-CF gut microbiota. In the opposite direction, cation-H+
antiporter, and pyruvate-ferredoxin/flavodoxin oxidoreductase
were significantly decreased in the WT-to-CF microbiota. These
data have validated the finding from the five-genotype co-housing
experiment, indicating that the host immune system has a unique
role in modulating the gut microbiota functionality.
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Discussion

CF patients have increased risk of intestinal inflammatory dis-
orders. Video-equipped capsule endoscopy reveals obvious
intestinal morphological abnormalities including edema, ery-
thema, mucosal breaks, and ulcerations in the jejunum and ileum
in ~60% of CF patients. Fecal neutrophil marker proteins are also
significantly elevated®®. Strikingly, CF patients have an increased
prevalence of Crohn’s disease, up to 12.5-fold greater than in the
general population®. Celiac disease, a destructive autoimmune
condition of the small intestinal mucosa, is also more prevalent in
CF0L52. While all these conditions are highly related to host
immunity, it is not clearly defined whether the CF-inflicted
immune system participates in shaping intestinal microbiota. Our
current study suggests that CF immune defect contributes to gut
dysbiosis. This finding refines the current theory that attributes
CF intestinal disease solely to the epithelial defect.

Our data demonstrated that the scope of CFTR loss of function
in tissues correlates with the degree of alteration of bacterial taxa
in mice, reflected by the finding that multiple-tissue CFTR loss of
function in Pan-CF mice influenced the microbiota most. When
compared to WT mice, Pan-CF had 22 significantly different
bacterial taxa, Mye-CF had 1, Neu-CF had 1 and Mac-CF had
none, indicating that the innate immune defect influences taxa of
the gut microbiota, albeit less significantly than the whole-body
defect. These data indicate that the combination of the epithelial
defect and the innate immune defect had the maximal effect on
gut microbiota. Of note specifically, Bifidobacterium and Lacto-
bacillus were significantly higher in population within the
microbiome of Pan-CF mice, which may result from their
superior ability to survive in the CF-acidified intestinal environ-
ment. Clostridiales and other taxa of the Firmicutes phylum were
decreased in Pan-CF mice. Consistent with what was seen in
humans?® and concordant with previous mouse studies!®22,
ubiquitous loss of CFTR in mice (Pan-CF) caused a decrease in
microbial diversity, richness, and evenness at all sample locations
as compared with WT mice. Noteworthy from our current study
is that Mye-CF mice were not significantly different from Pan-CF
mice in their microbiome evenness and PD, indicating that the
two models are the closest in gut microbiota among the five
genotypes.

The CF small intestine is the most vulnerable site that suffers
bacterial overgrowth and obstruction (meconium ileus)®3. Intri-
guingly, both our five-genotype co-housing and BMT co-housing
experiments demonstrated that CF immune defect plays a greater
role in defining the microbiome in the small intestine, suggesting
a primary role of the host immune system in the pathogenesis of
CF disease at this location. A recent publication reported that
manipulation of host immune system in a different experimental
model mostly affects the small intestine microbiota®, supporting
our conclusion. Multiple mechanisms may be involved in such
microbial selection, potentially through direct action by immune
cells, stimulation of epithelial release of mucus and anti-microbial
agents, and/or modulation of intestine homeostasis®®>. We would
like to point out that our BMT was between sibling WT and Pan-
CF mice, which provided a well-controlled set of data to under-
stand the relationship between CFTR function and gut micro-
biota. These mice were born to the same parents and housed
together in the same litters. Thus, variations from genetic and
environmental factors had been substantially minimized, if not
totally eliminated. Reconstitution of the CF mice with the WT
immunity led to changes in gut microbiota, especially in the small
intestine. This provides a direct proof that CF host immunity is
involved in shaping gut microbiota.

Microbial functionalities determined by PICRUSt2 predicted
how loss of CFTR in the epithelial or immune system influenced
the gut microbiota in our five-genotype co-housing experiment,

and how alteration of the host immunity by BMT altered the gut
microbiota. Among the five-genotype mice, CFTR loss of func-
tion in epithelia selected for microbes with reduced bacterial
flagellar functions (Fig. 6a). It is known that individuals with CF
have reduced peristalsis®®, and have increased mucus
accumulation®’ in the intestinal tract. It is argued that such a gut
environment diminishes the flagella-driving movement for
microbes.

Among the outstanding KeO features we highlighted (Fig. 6b),
the potential function of beta-glycosyltransferase in the Pan-CF
and Mye-CF microbiomes was substantially reduced as compared
to WT, Mac-CF and Neu-CF. This enzyme catalyzes the transfer
of saccharide moieties from an activated nucleotide sugar (also
known as the glycosyl donor) to a nucleophilic glycosyl acceptor
molecule, the nucleophile of which can be oxygen-, carbon-,
nitrogen-, or sulfur-based®®. Glycosyl transfer can occur to car-
bohydrates, proteins, and lipids. Microbes without proper gly-
cosylation decoration may have stronger inflammogenicity, which
could lead to stronger inflammatory responses. Moreover, the
microbes in Pan-CF and Mac-CF mice shared a feature with
increased  proportion of dihydroorotate dehydrogenase
(DHODH), an enzyme involved in de novo pyrimidine bio-
synthesis. This may facilitate overgrowth of certain bacteria in the
Pan-CF and Mac-CF mice (Fig. 6¢).

From the BMT co-housing experiment, altering the immune
system (WT-to-CF vs. CF-to-CF) caused alterations in not only
microbial metabolism, but also in cell signaling and environ-
mental information processing (Fig. 7). Out of the top ten KEGG
features, eight were higher in proportion and two were lower in
proportion after the immune replacement from CF to WT. The
eight higher in proportion features were nitrate reductase/nitrate
oxidoreductase alpha and beta subunits, nitrate reductase
molybdenum cofactor assembly chaperone Nar]/NarW, divalent
anion-Na™ symportor, fumarate reductase flavoprotein subunit,
cysteine-S-conjugate beta-lyase, membrane-associated protein,
and phosphatidylethanolamine-binding protein, all of which were
related to bacterial metabolism, ion transport and signaling. The
two lower in proportion features were cation-proton antiporter,
and pyruvate-ferrodoxin/flavodoxin oxireductase. Notably, the
cation-proton antiporter has been linked to increased virulence of
bacteria, as the enhanced antiporters help bacteria cope with
varying pH, salts, and osmolarity®, and expel antibiotics, thus
reducing antibiotic efficacy’?. The pyruvate-ferrodoxin/flavo-
doxin oxireductase is an important enzyme in the oxidative
decarboxylation of pyruvate to acetyl-CoA and CO,’!. Intrigu-
ingly, pyruvate-ferrodoxin/flavodoxin oxireductase has been
linked to increased virulence in eukaryotic pathogens by enhan-
cing cyto-adherence and subcutaneous abscess formation’2.
Although a direct link in pyruvate-ferrodoxin/flavodoxin oxire-
ductase and bacterial virulence has not been found, this enzyme is
crucial for anaerobic growth and bacterial survival’3. Addition-
ally, this enzyme is found in sulfate-reducing bacteria, which are
prevalent in the gut of humans and mice, and most often isolated
from individuals with uncreative colitis and inflammatory bowel
disease’. Thus, CF immune defect not only influences bacterial
taxa, but also bacterial functionalities within the taxa, which may
exacerbate the pathology of the CF intestines by promoting
bacterial virulence, enhancing survival in a stressful environment,
and over-activating the immune system.

In summary, our study has provided data to suggest that both
epithelial defect and immune defect in CF collectively influence
the intestinal microbiota. However, each has its own unique role
in modulating the microbial community. Thus, the innate
immune defect, a previously unrecognized contributor, may play
as critical a role as the epithelial defect in CF intestinal disease
pathogenesis.
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Methods

Animal research ethics. C57BL/6 mouse strain and its derived lines were used in
this research, through which all relevant ethical regulations were complied with.
The animal breeding and experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of Louisiana State University Health
Sciences Center.

Animals. Mye-CF mice were bred between CFTR-Exon-11-floxed mice’> and
Lyz2tm]1(cre)Ifo mice (The Jackson Laboratory, Bar Harbor, ME), Neu-CF mice
between CFTR-Exon-11-floxed mice and MRP8-Cre-ires/GFP (The Jackson
Laboratory), and Mac-CF mice between CFTR-Exon-11-floxed mice and
B6].B6N(Cg)-Cx3crltml.1(cre)Jung/] (The Jackson Laboratory). The animals with
homozygous CFTR-Exon-11-floxed alleles and lineage-specific Cre expression were
selected for use by genotyping. Pan-CF mice were whole-body CFTR-exon-11
deletion mice, gifted by Dr. Mitchell Drumm at Case Western University, of which
heterozygotes were phenotypically normal and only homozygotes developed severe
intestinal disease.

Multi-genotype mouse co-housing. Each cage co-housed 5 animals (6-11 weeks
old, female) with one from each genotype (WT, Pan-CF, Mye-CF, Mac-CF and
Neu-CF). These animals were maintained on Colyte electrolyte water (Polyethylene
glycol 3350 (17.91 mM), NaCl (25.03 mM), KCI (9.61 mM), NaHCO; (20.00 mM),
and Na,SO, (40.01 mM)), and raised together for 2 months to normalize for
potential environmental influences on gut and fecal microbiota.

Bone marrow transplantation (BMT) and BMT animal cohousing. WT and Pan-
CF recipients were irradiated at a dose of 9.5 Gy from a gamma radiation source. Bone
marrow cells were isolated from heterozygous (CFTR+-/—) or homozygous (CFTR—/—)
Pan-CF mice. After viable cell counting, isolated bone marrow cells (~1 x 10° in 100 pl
of cell culture media) were injected into corresponding recipients via retro-orbital
injection. Mice were grouped into three experimental groups: (1) WT receiving BM
from CFTR+/— mice (WT-to-WT), (2) CFTR—/— receiving BM from CFTR+/— mice
(WT-to-CF), and (3) CFTR—/— mice receiving BM from CFTR—/— mice (CF-to-CF).
As CFTR+/— mice were phenotypically as normal as CFTR+/+, we chose CFTR+/—
mice as the WT donors for the convenience of tracing bone marrow reconstitution via
genotyping. All allocated mice from each of the three groups were co-housed for 40 days
on the Colyte electrolyte water.

Intestinal and fecal sample collection. For fecal sample collection, each mouse was
placed in a sterile container, and 5 to 7 pellets were harvested at one time, snap-frozen
in liquid nitrogen, and stored at —80 °C. For intestinal sample collection, each mouse
was euthanized by CO, asphyxiation. The small intestine was excised at the pyloric
sphincter and the ileocecal valve. The large intestine was excised at the junction
between the cecum and the large intestine, and at the base of the colon. Each intestine
was flushed with 1-3 ml sterile ice-cold PBS (Gibco). For histology, a small segment
(2-3 mm) were excised from the proximal, middle, and distal region of each intestine,
and fixed in 4% paraformaldehyde for further processing.

Tissue processing for histology and goblet cell counts. Fixed in 4% paraf-
ormaldehyde, tissue samples from the proximal, medial, and distal regions of the small
and large intestines were sent to the Morphology and Imaging Core at Louisiana State
University Health Science Center for processing. Briefly, tissues underwent routine
histological processing including paraffin embedding and downstream processes for
Hematoxylin and Eosin (H&E) staining. The slides were examined and analyzed under
a microscope. Goblet cells were enumerated out of 1000 cells in any chosen villi from
random areas of each tissue piece (n = 8). Numbers were averaged and converted to
percentages. Statistical significance was judged by Student’s ¢ test.

DNA extraction, PCR amplification and sequencing. DNA extraction and
sequencing were performed by the Louisiana State University School of Medicine
Microbial Genomics Resource Group (http://metagenomics.Isuhsc.edu/). The
genomic DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen,
Valencia, CA) modified to include bead-beating and RNase A treatment. A
negative control was set for checking any potential bacterial DNA existing in
chemicals or involved during the DNA extraction process. Two steps of amplifi-
cation were performed to prepare sequencing library using the AccuPrime Taq
high fidelity DNA polymerase system (Invitrogen, Carlsbad, CA). A negative
control with the control from DNA extraction and a positive control of Microbial
Mock Community HM-276D (BEI Resources, Manassas, VA) were set during
amplicon library preparation. 16S ribosomal DNA hypervariable region V4 was
amplified using 20 ng genomic DNA and the gene-specific primers with Illumina
adapters: Forward 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGGTGCCAGCMGCC GCGGTAA-3’; Reverse 5-GTCTCGTGGGCTCGGA-
GATGTGTATAAGAGACAG GGACTACHVGGGTWTCTAAT-3". The PCR
conditions were as follows: 95 °C for 3 min; 25 cycles of 95 °C for 30, 55 °C for
30s and 72 °C for 30s; 72 °C for 5 min; and holding at 4 °C. PCR products were
purified using AMPure XP beads added as 0.85x PCR volume. The purified

amplicon DNA (2 pl) from the last step was amplified 8 cycles under the same PCR
condition using primers with different molecular barcodes: forward 5-AATGA-
TACGGCGACCACC GAGATCTACAC [i5] TCGTCGGCAGCGTC-3’; reverse
5-CAAGCAGAAGACGGCAT ACGAGAT [i7] GTCTCGTGGGCTCGG-3’. The
indexed amplicon libraries purified using AMPure XP beads and quantified using
Quant-iT PicoGreen (Invitrogen) were normalized and pooled. The pooled library
was quantified using KAPA Library Quantification Kit (Kapa Biosystems), diluted
and denatured as the guideline of Illumina’s sequencing library preparation. 10%
PhiX was added to the sequencing library as an internal control and to increase
diversity of 16S RNA amplicon library. The paired-end sequencing was performed
on an [llumina MiSeq (Illumina, San Diego, CA) using the 2 x 250 bp

V2 sequencing kit.

Bioinformatics. Raw FASTQ data files were imported into QIIME2 for data
analysis’®”7. The quality of sequencing reads was determined with DADA?2 pipeline
version 1.22.0 to detect amplicon sequence variants with truncation of reads to 240 bp
to remove low quality tails of sequencing reads and trimming of 20 bp from the left of
each read to remove 16S primer sequences’S. Taxonomic assignment of each sample
was performed using R version 4.1.2 and SILVAversion 1.38.0 database”” (Supple-
mentary Data 11 and 12). Before differential abundance testing, data were filtered to
remove low abundance amplicon sequence variants with a mean abundance of less
than le—4. Differential abundance was analyzed using MaAsLin2 (http://huttenhower.
sph.harvard.edu/maaslin). The 16S rRNA gene amplicon data were compared between
genotypes. We selected differentially abundant taxa based on an FDR-adjusted p-value.
Heatmaps and taxa tables based on RA were made for the significant bacterial taxa
using —log10 Transformed data and using RStudio, gplots library, heatmaps.2 package
(http://www.rstudio.com/). Taxonomic bar graphs indicating top taxa abundance were
created in R. Data required for the Bray—Curtis dissimilarity plot were obtained from
view.qiime2.org with primary analyses via RStudio. Ggbiplot library and prcomp
package were used to generate the PCA plot. Alpha diversity plots for OTUs, Shannon
index, and Faith’s PD were obtained from view.giime2.org.

Functionality analysis. Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSt2) was used to perform predictive func-
tionality analyses. PICRUSt2 pathway tool was used by following the github
tutorial script (https://github.com/picrust/picrust2/wiki/PICRUSt2-Tutorial-%
28v2.3.0-beta%29). Metagenomic prediction results were visualized using STAMP
software to generate the significant KEGG function tables (https://beikolab.cs.dal.
ca/software/STAMP). STAMP was also used to generate the top significant KEGG
functions and the highlighted KEGG functions.

Statistics and reproducibility. Alpha-diversity statistics were obtained from
QIIME2. Goblet cell histological data were tested using Prism software (version 9.3.0;
GraphPad Software, La Jolla, CA). PICRUSt2 data were visualized using STAMP,
multiple-group comparisons were analyzed using ANOVA and Tukey-Kramer, and
two-group comparisons were done using Welch’s t-test. p values <0.05 were considered
significant. Significantly different taxa were identified using MaAsLin2. Multiple-
testing correction was performed using the Benjamini-Hochberg procedure (FDR) to
consider p <0.05 and g <0.1. Sample size for each condition ranged from 3 to 5. Mice
in different cages were treated identically and results were averaged within each group.
Thus, our replicates are biological replicates.

Data availability

The metagenomics data have been deposited to Sequence Read Archive (SRA) of
National Center for Biotechnology Information (NCBI) with a BioProject number:
PRJNA870948. The source data for graphs and charts are provided in Supplementary
Data 1-12.

Code availability

No custom code was created. The codes used to analyze data are outlined above.
Command scripts are available upon request. Specifically, codes used to analyze data
using MaAsLin2 was obtained form https://huttenhower.sph.harvard.edu/maaslin/.
Heatmaps were created using Heatmap() function in RStudio. PICRUSt2 code was
obtained from https://github.com/picrust/picrust2.

Received: 20 May 2022; Accepted: 11 October 2022;
Published online: 26 October 2022

References
1. Dickinson, K. M. & Collaco, J. M. Cystic fibrosis. Pediatr. Rev. 42, 55-67
(2021).

COMMUNICATIONS BIOLOGY | (2022)5:1130 | https://doi.org/10.1038/s42003-022-04101-5 | www.nature.com/commsbio 1


http://metagenomics.lsuhsc.edu/
http://huttenhower.sph.harvard.edu/maaslin
http://huttenhower.sph.harvard.edu/maaslin
http://www.rstudio.com/
https://github.com/picrust/picrust2/wiki/PICRUSt2-Tutorial-%28v2.3.0-beta%29
https://github.com/picrust/picrust2/wiki/PICRUSt2-Tutorial-%28v2.3.0-beta%29
https://beikolab.cs.dal.ca/software/STAMP
https://beikolab.cs.dal.ca/software/STAMP
https://huttenhower.sph.harvard.edu/maaslin/
https://github.com/picrust/picrust2
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04101-5

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Riordan, J. R. et al. Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA [published erratum appears in
Science 1989 Sep 29;245(4925):1437]. Science 245, 1066-1073 (1989).

Choi, J. Y. et al. Aberrant CFTR-dependent HCO3- transport in mutations
associated with cystic fibrosis. Nature 410, 94-97 (2001).

Drumm, M. L. et al. Chloride conductance expressed by delta F508 and other
mutant CFTRs in Xenopus oocytes. Science 254, 1797-1799 (1991).

Ramsey, B. W. & Welsh, M. J. AJRCCM: 100-year anniversary. Progress along
the pathway of discovery leading to treatment and cure of cystic fibrosis. Am.
J. Respir. Crit. Care Med. 195, 1092-1099 (2017).

Davis, P. B., Drumm, M. & Konstan, M. W. Cystic fibrosis. Am. J. Respir. Crit.
Care Med. 154, 1229-1256 (1996).

Sathe, M. & Houwen, R. Meconium ileus in cystic fibrosis. J. Cyst. Fibros. 16,
$32-839 (2017).

Kelly, T. & Buxbaum, J. Gastrointestinal manifestations of cystic fibrosis. Dig.
Dis. Sci. 60, 1903-1913 (2015).

De Lisle, R. C. & Borowitz, D. The cystic fibrosis intestine. Cold Spring Harb.
Perspect. Med. 3, a009753 (2013).

Umar, S. Intestinal stem cells. Curr. Gastroenterol. Rep. 12, 340-348 (2010).
Tsumura, T., Hazama, A., Miyoshi, T., Ueda, S. & Okada, Y. Activation of
cAMP-dependent Cl-currents in guinea-pig paneth cells without relevant
evidence for CFTR expression. J. Physiol. 512, 765-777 (1998).

Liu, J., Walker, N. M., Ootani, A., Strubberg, A. M. & Clarke, L. L. Defective
goblet cell exocytosis contributes to murine cystic fibrosis-associated intestinal
disease. J. Clin. Invest. 125, 1056-1068 (2015).

McCauley, H. A. et al. Enteroendocrine cells couple nutrient sensing to
nutrient absorption by regulating ion transport. Nat. Commun. 11, 4791
(2020).

Jakab, R. L., Collaco, A. M. & Ameen, N. A. Characterization of CFTR High
Expresser cells in the intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 305,
G453-465 (2013).

Frizzell, R. A. & Hanrahan, J. W. Physiology of epithelial chloride and fluid
secretion. Cold Spring Harb. Perspect. Med. 2, a009563 (2012).

Gelfond, D. et al. Impact of CFTR modulation on intestinal pH, motility, and
clinical outcomes in patients with cystic fibrosis and the G551D mutation.
Clin. Transl. Gastroenterol. 8, €81 (2017).

Borowitz, D. CFTR, bicarbonate, and the pathophysiology of cystic fibrosis.
Pediatr. Pulmonol. 50, S24-S30 (2015).

Lynch, S. V. et al. Cystic fibrosis transmembrane conductance regulator
knockout mice exhibit aberrant gastrointestinal microbiota. Gut Microbes 4,
41-47 (2013).

Furnari, M. et al. The role of small intestinal bacterial overgrowth in cystic
fibrosis: a randomized case-controlled clinical trial with rifaximin. J.
Gastroenterol. 54, 261-270 (2019).

Houwen, R. H. et al. Defining DIOS and constipation in cystic fibrosis with a
multicentre study on the incidence, characteristics, and treatment of DIOS. J.
Pediatr. Gastroenterol. Nutr. 50, 38-42 (2010).

van der Doef, H. P., Kokke, F. T., van der Ent, C. K. & Houwen, R. H.
Intestinal obstruction syndromes in cystic fibrosis: meconium ileus, distal
intestinal obstruction syndrome, and constipation. Curr. Gastroenterol. Rep.
13, 265-270 (2011).

Zheng, D., Liwinski, T. & Elinav, E. Interaction between microbiota and
immunity in health and disease. Cell Res. 30, 492-506 (2020).

Engevik, A. C. & Engevik, M. A. Exploring the impact of intestinal ion
transport on the gut microbiota. Comput. Struct. Biotechnol. J. 19, 134-144
(2021).

Wu, H. J. & Wu, E. The role of gut microbiota in immune homeostasis and
autoimmunity. Gut Microbes 3, 4-14 (2012).

Meeker, S. M. et al. CFTR dysregulation drives active selection of the gut
microbiome. PLoS Pathog. 16, 1008251 (2020).

Burke, D. G. et al. The altered gut microbiota in adults with cystic fibrosis.
BMC Microbiol. 17, 58 (2017).

Thavamani, A., Salem, I, Sferra, T. J. & Sankararaman, S. Impact of altered gut
microbiota and its metabolites in cystic fibrosis. Metabolites 11, 123 (2021).
Coffey, M. J. et al. Gut microbiota in children with cystic fibrosis: a taxonomic
and functional dysbiosis. Sci. Rep. 9, 18593 (2019).

Vernocchi, P. et al. Gut microbiota signatures in cystic fibrosis: loss of host
CFTR function drives the microbiota enterophenotype. PLoS ONE 13,
€0208171 (2018).

Dorsey, J. & Gonska, T. Bacterial overgrowth, dysbiosis, inflammation, and
dysmotility in the cystic fibrosis intestine. J. Cyst. Fibros. 16, S14-S23 (2017).
Tam, R. Y., van Dorst, ]. M., McKay, L, Coffey, M. & Ooi, C. Y. Intestinal
inflammation and alterations in the gut microbiota in cystic fibrosis: a review
of the current evidence, pathophysiology and future directions. J. Clin. Med.
11, 649 (2022).

Painter, R. G. et al. CFTR Expression in human neutrophils and the
phagolysosomal chlorination defect in cystic fibrosis. Biochemistry 45,
10260-10269 (2006).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Zhou, Y. et al. Cystic fibrosis transmembrane conductance regulator
recruitment to phagosomes in neutrophils. J. Innate Immun. 5, 219-230
(2013).

Sorio, C. et al. Defective CFTR expression and function are detectable in blood
monocytes: development of a new blood test for cystic fibrosis. PLoS ONE 6,
€22212 (2011).

Zhang, X. et al. CFTR-mediated monocyte/macrophage dysfunction revealed
by cystic fibrosis proband-parent comparisons. JCI Insight 7, 152186 (2022).
Di, A. et al. CFTR regulates phagosome acidification in macrophages and
alters bactericidal activity. Nat. Cell Biol. 8, 933-944 (2006).

Wang, G. & Nauseef, W. M. Salt, chloride, bleach, and innate host defense. J.
Leukoc. Biol. 98, 163-172 (2015).

Ratner, D. & Mueller, C. Immune responses in cystic fibrosis: are they
intrinsically defective? Am. J. Respir. Cell Mol. Biol. 46, 715-722 (2012).
Hartl, D. et al. Innate immunity in cystic fibrosis lung disease. J. Cyst. Fibros.
11, 363-382 (2012).

Bruscia, E. M. et al. Macrophages directly contribute to the exaggerated
inflammatory response in cystic fibrosis transmembrane conductance
regulator-/- mice. Am. J. Respir. Cell Mol. Biol. 40, 295-304 (2009).

Wang, G. & Nauseef, W. M. Neutrophil dysfunction in the pathogenesis of
cystic fibrosis. Blood 139, 2622-2631 (2022).

Sorio, C. et al. Mutations of cystic fibrosis transmembrane conductance
regulator gene cause a monocyte-selective adhesion deficiency. Am. J. Respir.
Crit. Care Med. 193, 1123-1133 (2016).

Liang, X. et al. Intestinal dysbiosis in young cystic fibrosis rabbits. J. Pers. Med.
11, 132 (2021).

Finotello, F., Mastrorilli, E. & Di Camillo, B. Measuring the diversity of the
human microbiota with targeted next-generation sequencing. Brief. Bioinform
19, 679-692 (2018).

Walters, K. E. & Martiny, J. B. H. Alpha-, beta-, and gamma-diversity of
bacteria varies across habitats. PLoS ONE 15, 0233872 (2020).

Konopinski, M. K. Shannon diversity index: a call to replace the original
Shannon’s formula with unbiased estimator in the population genetics studies.
Peer] 8, €9391 (2020).

Faith, D. P. & Baker, A. M. Phylogenetic diversity (PD) and biodiversity
conservation: some bioinformatics challenges. Evol. Bioinform. Online 2,
121-128 (2007).

Faith, D. P. Biodiversity and evolutionary history: useful extensions of the PD
phylogenetic diversity assessment framework. Ann. N. Y. Acad. Sci. 1289,
69-89 (2013).

Maziarz, M., Pfeiffer, R. M., Wan, Y. & Gail, M. H. Using standard
microbiome reference groups to simplify beta-diversity analyses and facilitate
independent validation. Bioinformatics 34, 3249-3257 (2018).

Kim, Y. S. & Ho, S. B. Intestinal goblet cells and mucins in health and disease:
recent insights and progress. Curr. Gastroenterol. Rep. 12, 319-330 (2010).
Kandori, H., Hirayama, K., Takeda, M. & Doi, K. Histochemical, lectin-
histochemical and morphometrical characteristics of intestinal goblet cells of
germfree and conventional mice. Exp. Anim. 45, 155-160 (1996).
Deplancke, B. & Gaskins, H. R. Microbial modulation of innate defense: goblet
cells and the intestinal mucus layer. Am. J. Clin. Nutr. 73, 1131S-1141S (2001).
McArthur, J. B, Yu, H. & Chen, X. A bacterial betal-3-galactosyltransferase
enables multigram-scale synthesis of human milk lacto-N-tetraose (LNT) and
its fucosides. ACS Catal. 9, 10721-10726 (2019).

Lory, S. & Strom, M. S. Structure-function relationship of type-IV prepilin
peptidase of pseudomonas aeruginosa-a review. Gene 192, 117-121 (1997).
Schmid, J., Heider, D., Wendel, N. J., Sperl, N. & Sieber, V. Bacterial
glycosyltransferases: challenges and opportunities of a highly diverse enzyme
class toward tailoring natural products. Front. Microbiol. 7, 182 (2016).
Verhelst, X. et al. Protein glycosylation as a diagnostic and prognostic marker
of chronic inflammatory gastrointestinal and liver diseases. Gastroenterology
158, 95-110 (2020).

Ohishi, T., Inaoka, D. K., Kita, K. & Kawada, M. Dihydroorotate
dehydrogenase as a target for the development of novel helicobacter pylori-
specific antimicrobials. Chem. Pharm. Bull. 66, 239-242 (2018).

den Besten, G. et al. The role of short-chain fatty acids in the interplay
between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 54,
2325-2340 (2013).

Werlin, S. L. et al. Evidence of intestinal inflammation in patients with cystic
fibrosis. J. Pediatr. Gastroenterol. Nutr. 51, 304-308 (2010).

Lloyd-Still, J. D. Crohn’s disease and cystic fibrosis. Dig. Dis. Sci. 39, 880-885
(1994).

Fluge, G. et al. Co-morbidity of cystic fibrosis and celiac disease in
Scandinavian cystic fibrosis patients. J. Cyst. Fibros. 8, 198-202 (2009).
Walkowiak, J. et al. Cystic fibrosis is a risk factor for celiac disease. Acta
Biochim. Pol. 57, 115-118 (2010).

De Lisle, R. C. Altered transit and bacterial overgrowth in the cystic fibrosis
mouse small intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 293, G104-11
(2007).

COMMUNICATIONS BIOLOGY | (2022)5:1130 | https://doi.org/10.1038/s42003-022-04101-5 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04101-5

ARTICLE

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Gu, M. et al. Host innate and adaptive immunity shapes the gut microbiota
biogeography. Microbiol. Immunol. 66, 330-341 (2022).

Zhao, Q. & Maynard, C. L. Mucus, commensals, and the immune system. Gut
Microbes 14, 2041342 (2022).

Wiles, T. J. et al. Swimming motility of a gut bacterial symbiont promotes
resistance to intestinal expulsion and enhances inflammation. PLoS Biol. 18,
3000661 (2020).

Hansson, G. C. Mucus and mucins in diseases of the intestinal and respiratory
tracts. J. Intern. Med. 285, 479-490 (2019).

Williams, G. J. & Thorson, J. S. Natural product glycosyltransferases: properties
and applications. Adv. Enzymol. Relat. Areas Mol. Biol. 76, 55-119

(2009).

Dwivedi, M. & Shaw, A. Implication of cation-proton antiporters (CPA) in
human health and diseases causing microorganisms. Biochimie 182, 85-98
(2021).

Kumar, S. et al. Functional and structural roles of the major facilitator
superfamily bacterial multidrug efflux pumps. Microorganisms 8, 266
(2020).

Furdui, C. & Ragsdale, S. W. The role of pyruvate ferredoxin oxidoreductase
in pyruvate synthesis during autotrophic growth by the Wood-Ljungdahl
pathway. J. Biol. Chem. 275, 28494-28499 (2000).

Alarcon-Valdes, P. et al. Can the pyruvate: ferredoxin oxidoreductase (PFOR)
gene be used as an additional marker to discriminate among Blastocystis
strains or subtypes? Parasit. Vectors 11, 564 (2018).

Katsyv, A., Schoelmerich, M. C., Basen, M. & Muller, V. The
pyruvate:ferredoxin oxidoreductase of the thermophilic acetogen,
Thermoanaerobacter kivui. FEBS Open Bio 11, 1332-1342 (2021).
Kushkevych, I. V. Kinetic properties of pyruvate ferredoxin oxidoreductase of
intestinal sulfate-reducing bacteria desulfovibrio piger Vib-7 and
Desulfomicrobium sp. Rod-9. Pol. J. Microbiol. 64, 107-114 (2015).

Hodges, C. A., Cotton, C. U., Palmert, M. R. & Drumm, M. L. Generation of a
conditional null allele for Cftr in mice. Genesis 46, 546-552

(2008).

Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome
data science using QIIME 2. Nat. Biotechnol. 37, 852-857 (2019).

Bolyen, E. et al. Author correction: Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 1091
(2019).

Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581-583 (2016).

Quast, C. et al. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 41, D590-596
(2013).

Acknowledgements
This work was supported by the grants to G.W. from National Institutes of Health
(AI140088 and HL150370), and The Cystic Fibrosis Foundation (WANG18I0).

Author contributions
C.E.S., M.L. and S.J. performed the experiments; C.E.S. and C.M.T. did data analyses;
G.W. conceived and designed the research; C.E.S. and G.W. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-022-04101-5.

Correspondence and requests for materials should be addressed to Guoshun Wang.

Peer review information Communications Biology thanks Soraya Shirazi-Beechey and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Primary Handling Editors: Si Ming Man and Zhijuan Qiu.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
2 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

COMMUNICATIONS BIOLOGY | (2022)5:1130 | https://doi.org/10.1038/s42003-022-04101-5 | www.nature.com/commsbio 13


https://doi.org/10.1038/s42003-022-04101-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Cftr deletion in mouse epithelial and immune cells differentially influence the intestinal microbiota
	Results
	Intestinal microbiome profiling of WT and CF mice
	CFTR loss of function in different tissues influences alpha and beta diversities of the intestinal microbiomes differently
	Different scales of CFTR loss of function alters the abundances of intestinal bacterial taxa differently
	CF innate immune defect leads to significant increase in goblet cell density
	Intestinal microbiome profiling of BMT mice
	CF epithelial defect and immune defect influence intestinal microbiota differentially in BMT mice
	Predictive functional analysis using PICRUSt2

	Discussion
	Methods
	Animal research ethics
	Animals
	Multi-genotype mouse co-housing
	Bone marrow transplantation (BMT) and BMT animal cohousing
	Intestinal and fecal sample collection
	Tissue processing for histology and goblet cell counts
	DNA extraction, PCR amplification and sequencing
	Bioinformatics
	Functionality analysis
	Statistics and reproducibility

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




