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Gut microbiota transplantation drives the adoptive transfer of colonic
genotype-phenotype characteristics between mice lacking catestatin and their
wild type counterparts
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chronic diseases and metabolism, Faculty of Medicine, Translational Research in Gastrolntestinal Disorders (TARGID), KU Leuven, Belgium; VA
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ABSTRACT

The gut microbiota is in continuous interaction with the intestinal mucosa via metabolic, neuro-
immunological, and neuroendocrine pathways. Disruption in levels of antimicrobial peptides
produced by the enteroendocrine cells, such as catestatin, has been associated with changes in
the gut microbiota and imbalance in intestinal homeostasis. However, whether the changes in the
gut microbiota have a causational role in intestinal dyshomeostasis has remained elusive. To this
end, we performed reciprocal fecal microbial transplantation in wild-type mice and mice with
a knockout in the catestatin coding region of the chromogranin-A gene (CST-KO mice).
Combined microbiota phylogenetic profiling, RNA sequencing, and transmission electron micro-
scopy were employed. Fecal microbiota transplantation from mice deficient in catestatin (CST-KO)
to microbiota-depleted wild-type mice induced transcriptional and physiological features charac-
teristic of a distorted colon in the recipient animals, including impairment in tight junctions, as well
as an increased collagen area fraction indicating colonic fibrosis. In contrast, fecal microbiota
transplantation from wild-type mice to microbiota-depleted CST-KO mice reduced collagen fibrotic
area, restored disrupted tight junction morphology, and altered fatty acid metabolism in recipient
CST-KO mice. This study provides a comprehensive overview of the murine metabolic- and
immune-related cellular pathways and processes that are co-mediated by the fecal microbiota
transplantation and supports a prominent role for the gut microbiota in the colonic distortion
associated with the lack of catestatin in mice. Overall, the data show that the gut microbiota may
play a causal role in the development of features of intestinal inflammation and metabolic
disorders, known to be associated with altered levels of catestatin and may, thus, provide
a tractable target in the treatment and prevention of these disorders.
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Introduction The pro-hormone chromogranin-A (CgA) is

It is well established that the gut microbiota has an
essential role in the development and maintenance
of the human physiology by sustaining homeostatic
processes such as gut barrier function,' host
immunity,” energy metabolism,” and neuropsycho-
logical behaviors.* Disruptions in the intimate inter-
actions between the gut microbiota and the host are
positively correlated with pathologies such as inflam-
matory gastrointestinal diseases, metabolic diseases,
and neuropsychiatry disorders >~

proteolytically processed to several biologically
active peptides including Catestatin (CST:
thA352_372).8’9 CST consists of 21 amino acids
and acts as an inhibitor of the catecholamine
secretion through activation of nicotinic choli-
nergic receptors in cultured cells and mice adre-
nal glands.>'>'"  Several metabolic and
inflammatory disorders have been linked to
altered levels of CST.'>”'® For example, the
administration of human CST in mouse models
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of chronic inflammation, such as colitis amelio-
rated the intestinal pro-inflammatory parameters
including macrophage function, reduction of
pro-inflammatory cytokines and pathways such
as interleukin 6 (IL-6), interleukin 1f, tumor
necrosis factor a (TNF-a) and signal transducer
and activator of transcription 3 (STAT3)-
dependent pathway.'®'® Moreover, the pheno-
type of mice with selective deletion of the CST-
coding region of the ChgA gene (CST-KO mice)
was shown to display obesity, insulin resistance,
hypertension, macrophage infiltration, hypera-
drenergic state, as well as high levels of pro-
inflammatory cytokines,'”*° and more recently
an IBD-like phenotype, including intestinal
permeability.”!

Recently, we and others have shown that
CST-KO mice display altered gut microbiota
composition compared to their wild-type
counterparts.”>** In particular, CST treatment
reduced the abundance of Staphylococcus and
Turicibacter in CST-KO and WT mice, while
Alistipes, Akkermansia, and Roseburia were sig-
nificantly increased in the CST-KO group.”

Additionally, levels of the short-chain fatty
acids (SCFAs), butyrate and acetate, were sig-
nificantly increased in CST-KO mice treated
with CST.>> Analogously, supplementation of
CST-KO mice with CST restored paracellular
intestinal epithelial permeability, reversed
inflammation, and fibrosis, all of which are
characteristic of CST-KO mice.”! This led us
to hypothesize that the altered gut microbiota
may play a key role in developing the disrupted
CST-KO-associated phenotypes. One of the
most frequently used experimental approaches
to study the causal role of the gut microbiota
in gut dysbiosis-related diseases is the fecal
microbiota transplantation (FMT).** Thus, in
this study, we performed transplantation of
the perturbed microbiota from CST-KO mice
to microbiota-depleted WT mice and vice versa
in an attempt to study the contribution and the
mechanisms by which the gut microbiota may
contribute to the phenotype observed in the
CST-KO mice.

Results

Reciprocal fecal microbiota transfer between
CST-KO and wild-type mice harbouring distinct
microbial populations

Recently, we and others have shown that mice with
a CST knockout (CST-KO) have a significantly
altered gut microbiota composition compared to
their wild-type (WT) counterparts.”> Additionally,
previous studies reported significant differences in
gastrointestinal morphology, mucosal immune func-
tion, and gut permeability in CST-KO mice.”' Since
CST-KO mice displayed altered gut microbiota com-
position, we hypothesized that the microbiota may
play a substantial role in causing these differences.
To unravel this causality, we performed reciprocal
fecal microbiota transplantation (FMT), where
C57BL/6 WT mice (n = 12) were orally gavaged
with a fecal microbiota suspension of CST-KO
mice and vice versa (Figure 1A; methods section;
Supplementary Figure 1A). The transplanted
microbiota was allowed to recolonize the gut of the
recipient mice for 14 consecutive ds. Fecal pellets
collected from CST-KO™TWT and wFMT-CST-KO
recipient mice and their controls (n = 12, per group)
were used for amplicon sequencing of the V3-V4
regions of the bacterial 16S gene.

As a general exploratory analysis, principal compo-
nent analysis (PCA) was performed on genus level
collapsed data and showed significantly distinct clus-
tering of the CST-KO and WT before and after FMT.
Particularly, the CST-KO and WT donors clustered
separately, ~ while  the  recipients, = CST-
KO™™WT and WT™MTSTKO mice, were overlap-
ping into a middle point, indicating that the trans-
plant-induced changes in the microbiota composition
in both genotypes (Supplementary Figure 1B).

Next, microbial richness was assessed by the
observed number of amplicon sequence variants
(ASVs) and Chaol index. Interestingly, the rich-
ness levels were restored in CST-KO™™™WT, but
not in WTTMT-CSTKO pice (Figure 1B). Contrary
to the richness scores, the diversity indexes deter-
mined by Shannon’s H and inverted Simpson’s
index, showed no significant changes between the
recipient groups (Figure 1B). Analogous to our
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Figure 1. Altered microbiota composition following cross-FMT in CST-KO and WT mice. (A) Experimental strategy with timeline.
(B) Alpha diversity was assessed using different metrics. In CST-KO mice, FMT increased the bacterial richness (observed ASVs and
Chao1 index) and diversity (inverted Simpson’s index). Significance was tested with an unpaired Mann—Whitney test. Boxes represent
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previous findings,>* the CST-KO mice consistently
showed decreased richness and diversity com-
pared to their WT counterparts. Taken together,
the data infer that FMT induced changes in the
microbiota composition in both genotypes, with
a significant effect in restoring the richness of the
microbiota community in CST-KO mice to the
WT level.

To correct for any residual variation in the data,
genotype and treatment-constrained (FMT) redun-
dancy analysis (RDA) was performed. In agreement
with the PCA (Supplementary Figure 1), distinct
clustering was visible and both constraints also had
a significant influence on the model (p < 0.001, deter-
mined by ANOVA-like permutation test), explain-
ing 21.1% (genotype) and 2.1% (FMT treatment) of
the variation (Figure 1C). RDA determined which
bacterial taxa were associated with each group of
mice. Focusing on the strongest associations, the
largest differences were determined by the genotype.
In agreement with our previous findings,”> among
others, Akkermansia, Dubosiella, and
Bifidobacterium showed the strongest association
with WT along RDAI, while Jeotgalicoccus and
Staphylococcus were associated with CST-KO mice.
More generally, we observed a more pronounced
change in WTFMTSSTKO compared to CST-
KO™T™WT as WT and WT™MTSTKO (Justers
show greater distance than CST-KO and CST-
KO™TWT This was also supported by an analysis
using SourceTracker, which estimated that 65 + 19%
of all taxa were transferred from CST-KO to WT*™!°
CST-KOwhile only 27 + 25% were transferred from
WT to CST-KO™T™WT  Source samples (controls)
contained 86 + 13% of taxa in unique composition
for CST-KO and 84 * 23% for WT.

To further identify which bacterial taxa were
transferred by the FMT, pairwise comparisons of
bacterial abundances were performed between the
donor and recipient groups for each genotype.

Focusing on the phylum level, Bacteroidota
decreased, while Firmicutes increased in relative abun-
dance, although not significant, in CST-
KO™"™WT mice, similar to the microbiota of WT
mice (Figure 1D). In contrast, in WEMT-CST-KO
mice, the opposite effects were observed, where
Firmicutes and Verrucomicrobiota significantly
decreased in relative abundance, while Bacteroidota,
Actinobacteriota, and Patescibacteria were signifi-
cantly increased, again similar to the microbiota of
CST-KO mice (Supplement Excel Sheet 1). On the
family level, the most significant changes were
observed for the increased abundance of
Peptostreptococcaceae, Staphylococcaceae,
Defluviitaleaceaea, as well as UCG-010 in CST-
KO™T™WT mice, all of which decreased in abundance
in WTFMECSTKO mice (Supplement Excel Sheet 1).

To complement our analysis and to search for
predictors at all taxonomic levels including genera,
LEfSe was employed (Linear discriminant analysis
Effect Size, *° (Figure 1E). Consistent with the RDA,
the main discriminant feature separating the
groups in CST-KO mice were species from the
genera Jeotgalicoccus and Staphylococcus, while
CST-KO™™™WT mice were represented with
Lachnospiraceae UCG_006, Intestinimonas, and
Peptostreptococcaceae. Notably, compared to the
CST-KO groups, alterations in the microbiota com-
position were more pronounced in the WT mice,
where these animals were enriched in species from
the class Clostridia and Verrucomicrobiota, while
the WTFMTCST-KO mijcrobiota was constituted

the median with interquartile range, and whiskers represent the maxima and minima. (C) Genotype and FMT treatment constrained
redundancy analysis (RDA) on genus collapsed abundances. Arrows indicate the association of taxa with samples, with the length
being a proxy for the strength of the association. Significant separation of clusters and contribution of the variables to the variance of
the RDA was tested with Permutational Multivariate ANOVA (PERMANOVA) and revealed significant (p < 0.001) effects of FMT, in both
CST-KO and WT mice; yellow — CST-KO, blue — CST-KO FMT, grey — WT FMT and red — WT. (D) Relative abundance of the present phyla
and families (E) Cladograms of a LEfSe analysis (Linear discriminant analysis Effect Size) comparing microbiota changes upon FMT in
CST-KO and WT mice. The cladogram indicates the microbiota composition represented by rings with phyla in the outermost ring and
genera in the innermost ring. The green color represents taxonomic levels enriched in control animals, while the red color represents
enrichment in the FMT groups. Each circle is a member within that level. (F) Concentrations of cecal acetate, butyrate and propionate
of untreated mice (CST-KO, n = 7; WT, n = 8) and mice after FMT (CST-KO FMT, n = 10; WT FMT, n = 10). Data were analyzed using

a two-tailed paired t-test.



with species from Proteobacteria, Patescibacteria,
Desulfobacterota, and Coriobacteriia. The increased
abundance in those taxa in the WT FMT-<ST-KO
mice coincides with their higher abundance in the
donor CST-KO, which showed a dominance of
Proteobacteria, Patescibacteria, Bacilli,
Desulfobacterota, and Actinobacteriota, further
confirming the success of the FMT procedure.

Changes in microbial composition are often
accompanied by metabolic changes, in particular,
the production of short-chain fatty acids
(SCFAs).*® Thus, levels of acetate, butyrate, and
propionate, were measured in the cecum of donor
and recipient mice of each genotype. Specifically,
butyrate was significantly lower in the donor CST-
KO mice compared to their WT counterparts as
reported previously (Figure 1F).>> Levels of acetate
and butyrate increased significantly in CST-
KOfMT-WT compared to CST-KO (Figure 1F). In
WTFMTCSTKO njce, no changes were visible com-
pared to the WT control group. These observations
are consistent with the observed significant increase
in the butyrate and acetate-producing genus
Intestimonas in the CST-KO™"™WT mice” As it
is the only well-characterized and significantly
changing taxon, this suggests that this specific
genus is responsible for the strong increase in
SCFA levels. Overall, the results imply that donor-
specific taxa reliably colonized the recipients.
Despite more prominent specific taxonomical
changes in the WT "™1T-CST7KO mjce, EMT altered
microbial richness and SCFAs production in CST-
KO™"™WT but not in the WT™MT"ST7KO recipient
mice.

Adoptive transfer of dysfunctional epithelial barrier
and colonic fibrosis from CST-KO to WT mice

The gut microbiota has been strongly linked to
intestinal homeostasis.”® Especially, in patients
with IBD or colorectal cancer, an altered gut micro-
biota has been associated with a dysfunctional
epithelial barrier and tissue inflammation, which,
in turn, leads to submucosal fibrosis.*>*
Importantly, CST-KO mice have recently been
shown to exhibit these disrupted intestinal mucosal
processes, e.g. increased length and diameter of
tight junctions, adherens junctions, and desmo-
somes, all coinciding with increased gut

GUT MICROBES (&) e2081476-5

permeability.*' Given the altered microbiota com-
position in CST-KO mice (Figure 1; *°), we
hypothesized that the gut microbiota may play
a causal role in the development of these features.
To test our hypothesis, we employed whole-
genome transcriptomic analysis on colonic tissue,
as well as transmission electron microscopy (TEM)
to examine the morphology of the intestinal colonic
epithelium as well as the sub-mucosa of CST-KO
and WT controls and the WTFMT“5T7KO and CST-
KO™TWT recipient mice (see methods and sup-
plementary information for details).

The intestinal epithelium is regulated by a series
of intercellular junctions between polarized cells:
an apical tight junction (TJ) which guards paracel-
lular permeability, the subjacent adherens junction
(AJ), and desmosomes, both provide essential
adhesive and mechanical properties that contribute
to paracellular barrier functions.”® On the tran-
scriptome level, several genes involved in cell and
T] regulation and multiple TJ-markers such as
Occludin (Ocln), MARVEL domain-containing
protein 2 (Marveld2), tight junction proteins
(TjpI-3),* as well as the desmosomal protein
Desmoglein 2 (Dsg2), which is required for the
maintenance of intestinal barrier function,” and
A] genes coding for alpha-E-Catenin (Ctnnal), all
showed substantial downregulation in WTFMT-
CST-KO. In contrast, claudins (Cldnl-6) showed
inconclusive expression profiles, as some were
upregulated in WTFMTCSTKO byt also CST-
KO™"WT (Figure 2A). The transcriptome data
were further confirmed by ultrastructural examina-
tion of the gut epithelium using TEM, which
revealed that the TJ, AJ, and desmosome morphol-
ogy was different in CST-KO compared to WT,
mostly exhibiting increased diameter for all three
components, in line with previous findings *'
(Figure 2B). The fecal transplantations affected the
morphology of the epithelial junctions of the reci-
pient mice. TJs, AJs and desmosomes diameter
appeared to be decreased in CST-KO™7T™WT,
whereas in WT™MT"ST7KO 'the diameter increased
significantly compared to their donors. The length
of TJs and AJs was not affected in mice receiving
FMT. However, desmosomes were significantly
elongated in CST-KO™™™WT compared to CST-
KO, while in WTFMT-CST-KO 't} ere were no signifi-
cant changes compared to WT. Collectively, the
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KO™TWT or WT vs WTMTSTKO 1 692 fold-changes and significance (pagjusted < 0.05) of that change were determined by general
differential expression analysis using DESeq2 (see Supplementary Excel Sheet 2) (B) Representative transmission electron microscopy
(TEM) micrographs showing epithelial barrier morphology for each group of mice. Arrows indicate the different parts: TJ — tight
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Des, assessing length and diameter respectively; Bars show mean + SEM (C) TEM micrographs showing the collagen fibers (cross-
sectional view) for each group of mice. The images are representative for each group. Coll — collagen. The right side of the panel shows
results of morphometric analysis showing fiber density as an assessment of fibrosis; Bars show mean = SEM (D) Bar plot of genes
related the development of fibrosis, showing log2 fold-changes for either CSTKO-KO vs CST-KO™T™WT or WT vs WTFMT-CSTKO,

findings observed from the epithelial junction mor-
phology indicated a phenotype transfer from their
donor’s microbiota.

Moreover, the ultrastructural findings
revealed by TEM demonstrated an excessive
accumulation of the extracellular matrix com-
ponent, collagen in the colonic tissue of
WTFMT-CST-KO and CST-KO mice compared
to the CST-KO™™™W' and WT mice
(Figure 2C). Excessive accumulation of collagen
is indicative of intestinal fibrosis, which is
a characteristic of CST-KO mice.”’ Fibrosis
results from tissue inflammation and has been
associated with the upregulation of several
immune-related genes, which are linked to the

prognosis of IBD.>* Indeed, several genes
involved in innate and adaptive immune
response, cell adhesion, migration, prolifera-
tion, angiogenesis, skeletal development, and
tissue wound repair were differentially regu-
lated in the recipient groups compared to the
donors (Figure 2D). Altogether, the results
infer that the CST-KO-associated microbiota
may play a key role in the development of
the altered tight junction regulation and fibro-
sis in CST-KO mice as inferred from the phe-
microbiota

notype transfer after fecal

transplantation in WTFMTSST-KO " and  that



FMT from WT donors reversed, to a great

extent, this distortion as shown in CST-

KOFMT—WT

Core regulatory network that governs the
transcriptional changes and their association with
the transplanted microbiota

In order to gain a more mechanistic under-
standing on how the transferred microbiota
interfaces with the host and which pathways
are involved to express a specific phenotype,
we performed a comprehensive analysis of the
obtained transcriptomic data. A total of 5233
genes were differentially expressed (padjustea <
0.05) in the colonic tissue of WTHMT-CST-KO
compared to the WT mice, with 2712 (log2FC
>2: 765) of these genes being upregulated and
2521 (log2FC >2: 295) downregulated
(Figure 3A). In CST-KO™71™WT a total of
4273 genes were found to be differentially
expressed (Pagjustea < 0.05) in the colonic tissue
compared to the CST-KO mice, with 1987
(log2FC >2: 629) of these genes being upregu-
lated and 2286 (log2FC >2: 916) downregulated
(Figure 3A). Principal component analysis
(PCA) performed on normalized gene expres-
sion showed a similar convergent clustering of
the recipient mice compared to the donors
(Figure 3B), in line with the microbiota clus-
tering (Figure 1C, Supplementary Figure 1).
A comprehensive functional analysis of altered
biological processes was carried out between the
recipient and donor mice and revealed alterations
in immunological processes, including immuno-
globulin production, B-cell activation and adaptive
immunity regulation to be upregulated in WT"™"°
CST=KO compared to the WT control. In contrast,
changes in CST-
KO™TWT syvere characterized by downregulation
of lipid metabolism and ion transport compared to
the CST-KO mice (Detailed analysis can be found
in (Supplementary Figures 2 and 3). Overall, the
transcriptome data revealed a significant impact of
the FMT on the transcriptome level in both CST-
KO and WT mice.
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From the differential expression analysis, we
hypothesized that there may be a core set of reg-
ulatory genes that could serve as transcriptional
signatures for the altered mucosal homeostasis
upon adoptive microbiota transfer between CST-
KO and WT mice in the colon. Therefore, all DEGs
with an opposite differential regulation in the reci-
pient groups (WT FMTSSTKO and  CST-
KO™™™WT compared to their donors: i.e., the
same gene is upregulated in one recipient group
but downregulated in the other recipient group;
(log2-fold change >0.58, pagjustea <0.05; see
(Supplementary Excel Sheet 2), were mined to
search for potential transcriptional signatures (see
Methods for detailed description). This approach
allowed to distinguish between genes which are
potentially differentially expressed solely due to
the FMT treatment (same log2-fold change) and
genes that govern biological meaning, being asso-
ciated to the specific genotypes microbiota (oppo-
site log2-fold change). A total of 292 genes were
found to be commonly expressed in both the CST-
KO ™TWT and WT FMT-CSTKO byt in opposite
directions. The associations among the proteins
translated by the commonly identified DEGs in
the recipient groups in comparison to their controls
were assessed and interactions among the query
proteins were further visualized. This resulted in
a network comprising 143 nodes and 233 edges of
protein-protein interactions after excluding
unconnected nodes or clusters of only two genes
(Figure 3C). The resulting network exemplified the
strong impact of adoptive microbiota transfer
between CST-KO and WT mice in the colon on
both immune and metabolic gene expression
throughout the colonic mucosa and encompassed
several core regulatory genes that are known to
control the induction of metabolic and immune
responses. Cluster analysis was used to identify
closely interlinked regions from the network of
proteins (Figure 4C). The top three clusters were
found to be highly significant and included the
most nodes out of the ones reported
(Supplementary Table 1). Using functional enrich-
ment of the clustered proteins, potential biological
processes were assigned to each cluster. Each clus-
ter was related to a separate process, including



€2081476-8 P. GONZALEZ-DAVILA ET AL.

a WT vs. WTFHT-CST-KO CST-KO vs. CST-KOPMTWT b

-8 CST-KO™™T o~ CST-KO & WIS o Wt

20

PC2 [20%]
°

-20

E3 [ 5 0 25 50 75
log,FoldChange PC1[41%]

* bl wgass Fave
! 2
sz .,A, _‘2'3\., v
A e ) i

AfpTo

Figure 3. Core regulatory network that governs the transcriptional changes and their association with the transplanted
microbiota. (A) Volcano plots of differentially expressed genes comparing either WT vs WTMTSSTX0 o1 ¢ST-KO vs CST-KO™M™T, Log2
fold-changes and significance (pagjustes < 0.05) of that change were determined by general differential expression analysis using



genes annotated to belong to T-cell function,
energy metabolism (mitochondrial functions), and
cholesterol homeostasis.

Genes from the cluster involved in T-cell func-
tion exclusively showed higher expression in
WTMT-CST-KO and CST-KO donors, indicating
potential activation of T-cell-related immunologi-
cal pathways by CST-KO transplanted microbiota.
A similar expression pattern was also found for the
genes in the energy metabolism cluster.
Intriguingly, the genes present in the cholesterol
homeostasis cluster were found to be enriched
(except Slc51b) in CST-

KO™TWT and WT donors, indicating a simulative
effect of the WT-transferred microbiota
(Figure 3D). To further assess whether FMT was
able to restore the expression levels of the genes
identified in the core regulatory network to their
original expression levels in the recipient groups,
i.e., showing no significant differential expression
anymore, we performed a comparative analysis
between the CST-

KO™T™WT vs WT and WTMT-STKO ys CST-KO
groups. Among all genes in the identified transcrip-
tome signatures, 234 were found to be restored,
while 134 were also present in the core network
(Supplementary Excel Sheet 2). Considering the
high fractions of the identified genes, the data high-
light the powerful efficacy of the FMT to restoring
the transcriptional patterns.

Next, possible associations between the colonic
microbiota, which was transferred from the donor
to the recipient genotypes (Figure 1), and the core
regulatory genes (Figure 3D) were explored using
pairwise Pearson correlations. The correlation ana-
lysis revealed that 41% of the core differentially
expressed genes were associated with at least one
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microbial taxon, which were detected to be signifi-
cantly differentially abundant, only in the WT*™T-
CST-KO recipient group (Supplementary Excel
Sheet 2). The associations between core network
gene expression and taxon abundance, as well as
interaction among the query proteins, were further
visualized (Figure 3E). Five main clusters were
identified, among them, one was found to be less
connected to the others, mostly containing low-
degree taxon nodes. Ruminococcus, Harryflintia,
and Peptococcus had the most correlations among
the taxa (average of 29 correlations), while Kib,
Klk15, and Myl7 were the most connected genes
(6, 5, and 6 edges, respectively). Genes from the
core T-cell cluster and generally immune-related
genes connected to Peptococcus, Harryflintia,
NK4214 group, Desulfovibrio, and Ruminococcus.
Genes from the energy metabolism cluster did not
show any apparent significant correlations to any of
the taxa, while genes involved in cholesterol home-
ostasis (including core gene cluster 3), such as Mttp,
Acbg5/8, and Slc51b were correlated with
Turicibacter, Peptococcus, Parasutterella,
Desulfovibrio, and Bilophila.

As CST is proposed to play a crucial role in IBD,
we investigated which genes from our core regula-
tory network are involved in this disease.
Intriguingly, among the identified tissue transcrip-
tome signatures, the human counterparts of 108
genes (62 genes in the identified core network)
have a known role IBD determined by matching
them to the TaMMA IBD transcriptomics
catalog,” and 36 of which are linked to bacteria.
These findings further support the biological rele-
vance of the identified transcriptional signatures for
mucosal control of homeostasis along the gut and
the role of altered microbiota composition in CST-

DESeq2 (see Supplementary Excel Sheet 2). Genes significantly upregulated in the FMT groups are highlighted in red, while
significantly downregulated genes are colored in blue. (B) Principal component analysis (PCA) of normalized gene expression data
reveal distinct clustering between all of the groups. Ellipses represent normal data ellipses produced by methods from the R package
ggplot2. (€) Network representation of genes regulated in opposite direction in the recipient groups (WTTMTST=KO and CST-
KO™™™T compared to their donors: i.e., the same gene is upregulated in one recipient group but downregulated in the other
recipient group; log2 fold-change >0.58, p,gjustea < 0.05). Connections are inferred from the STRING database (combined score >0.4),
while edge width corresponds to interaction strength. Node size is determined by its degree. Brown color indicates involvement in IBD
determined by mining from the TaMMA meta-transcriptome catalogue ** (D) Heatmap of all core genes (including the ones shown in
(C)) clustered by their group/gene z-score normalized expression, illustrating the dualistic effect of FMT for those genes in each
genotype. (E) Network representation of correlation analysis (Pearson, p,gjusted < 0.05) between the abundance of microbial taxa and
the expression of certain genes presented in (D). The network is only representative for WT. Light grey — Gene, Dark grey — Microbial
taxon, Blue — negative correlation, Red - positive correlation; Solid lines refer to direct correlation, while dotted lines depict
interactions inferred from the STRING database.
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KO mice as a cause in differential expression of
genes involved in mucosal immune and metabolic
processes.

Discussion

The present findings demonstrate that CST-KO-
associated alterations in the gut microbiota are
sufficient to disrupt colonic homeostasis in healthy
mice. Similarly, the transfer of the gut microbiota
of healthy mice restored the distorted colonic
function in CST-KO mice. Specifically, transplan-
tation of the perturbed microbiota signature from
CST-KO mice to microbiota-depleted WT mice
induced the development of several colonic dys-
functional features of the CST-KO phenotype on
the gene and tissue levels. CST-KO mice are asso-
ciated with an altered gut microbiota composition,
and richness (Figure 1 and **). A major parallel
between the CST-KO microbiota profiles and the
WT mice that received the FMT from the CST-KO
(WTFMIT-CST=KOy “encompassed a reduction of
Clostridia and Akkermansia, which has been pre-
viously linked to metabolic disorders and insulin
resistance,”®>” a CST-KO-related phenotype ** as
well as a prominent increase in the Proteobacteria
population, all of which have been found pre-
viously to be indicative for active IBD states.’”*’
In contrast, CST-KO that received the FMT from
the WT mice (CST-KO™MT-WT) encompassed an
increase in richness and a notable reduction of
Staphylococcus, as well as an increase in the buty-
rate-producing Intestinimonas (Figure 1). In fact,
reduced levels of butyrate have been strongly
linked to IBD as well as metabolic disorders.*"**
Detailed transcriptome analysis allowed the
identification of transcriptional signatures of
genes commonly differentially regulated in recipi-
ent mice in opposite directions (Figure 3C, D).
These transcriptional signatures included the cor-
relative expression of metabolism-related genes and
immune-related genes. Most of these genes showed
full restoration of their transcriptional levels when
compared to their opposite controls. Among the
identified transcriptional signatures, were several
genes known to be involved in fibrosis; which was
indeed confirmed by TEM, where an excessive

accumulation of the extracellular matrix compo-
nent, collagen was observed in the colonic tissue
of WTTMT-CST-KO 31d CST-KO mice compared to
the CST-KO™TWT and WT mice (Figure 2C).
Furthermore, the identified signatures comprised
genes of which the human orthologues are dysre-
gulated in IBD. Based on genes identified in large-
scale transcriptomic meta-analysis (TaMMA), at
least 37% of the found genes were associated with
inflammatory bowel disease.

Our transcriptome and transmission electron
microscopy data demonstrated that transferring
the gut microbiota from CST-KO mice to WT
mice with a depleted gut microbiota could induce
the development of some of the features of the
dysfunctional colon, such as distorted barrier integ-
rity and fibrosis resulting in a physiological profile
similar to CST-KO (Figure 2). Further, GO enrich-
ment and pathway analysis consistently identified
“immune response” as the main umbrella category
affected in response to FMT from CST-KO mice.
CST-KO mice exhibited an increased expression in
pro-inflammatory genes, namely Infg, Itgam, Itgax,
Cxcll, 1112b, and Nos2 which, were also increased in
WTMT-CST-KO (gupplementary Figure 3 and
Supplementary Excel Sheet 2). The results are in
line with the recent findings showing that CST-KO
mice have infiltration of macrophages and CD4"
T-cells, and higher gene and protein expression
levels of pro-inflammatory molecules in the gut,
indicative for IBD-like states.”' The same study *'
reported that CST-KO mice have increased gut
permeability, altered tight junctions morphometry,
which is in agreement with the decreased gene
expression of several TJ-markers such as Clnd5,
Dsg2, Ctnnal, Tjp2, Tpj3, Ocln, Marveld2 in CST-
KO (Figure 2A) as well as their distorted TJ, AJ, and
desmosome morphology (Figure 2B), compared to
WT, all of which (except for Cldn5) were restored
in WTFMTCSTKO mjce decreased the gene expres-
sion in the same TJ-markers.

In contrast to the induced immune response in
WT mice that received FMT from CST-KO, CST-
KO™TWT mice displayed a downregulation in
several cell processes involved in lipid metabolism,
suggesting that metabolic reorientation of colonic
tissue from an oxidative energy supply had



occurred. Notably, CST is known to be involved in
body weight regulation through its effects on lipo-
lysis and fatty acid oxidation, as well as its beneficial
effects in mice with diet-induced obesity,'”** and is
correlated with plasma HDL-cholesterol levels.**
However, such changes are usually of systemic nat-
ure, affecting the expression of genes in adipose or
liver tissue. In the intestinal milieu, Mttp, Abcg5
and Abcg8, which have been attributed to choles-
terol/triglyceride uptake are elements of the core
regulatory network that regulate the transcriptional
changes and their association with the transplanted
microbiota (Figure 3C-E), altogether indicating
strong cross-correlation in their expression.*’
Intestine-specific ablation mutants of Mttp showed
a decrease in cholesterol transport from the intes-
tine to the plasma and a subsequent reduction in
the plasma cholesterol and triglyceride levels, but
an accumulation of triglycerides in the intestine.*®
Alterations in lipid metabolism and elevated
immune responses are interrelated, and the gut
microbiota was shown to play a key role in this
connection.”” Patients suffering from IBD were
also found to have major alterations in lipid meta-
bolic processes both in intestinal tissue as well as
systemically.*>**  More generally, immune
responses due to pathogen infection have been
linked to abnormal energy metabolism in
chicken,” further confirming a strong interplay
between metabolic reorientations in the intestine
and the restoration of inflammatory responses. Gut
microbiota metabolises lipids in the intestinal
lumen, consequently affecting the host (lipid) meta-
bolic profile.”® Specifically Turicibacter, which, in
our data, was decreased in WT*M"SSTXO compared
to WT, and showed a strong positive correlation
with the core gene network, in particular with Mttp
from the cholesterol homeostasis gene cluster
(Figure 3E), has been associated with the modula-
tion of lipid metabolism in mice.”* This, in con-
junction with the significant increase in butyrate in
the CST-KO mice that received the WT FMT
(Figure 1B), suggests that FMT caused a change in
the microbiota metabolic output, with a consequent
shift in host metabolism and epithelial barrier
restoration.

Overall, our data suggest that the gut micro-
biota may play a causal role in the complex
mechanisms underlying the development of

GUT MICROBES (&) 208147611

diseases related to altered levels of CST, such
as IBD and metabolic diseases. The profile of
physiological and gene alterations in the colon
following FMT may represent a novel paradigm
in intestinal pharmacology to investigate poten-
tial microbiota-associated disorders. The identi-
fied transcriptome signatures included several
genes of which the human orthologues are IBD
and metabolic disease-associated genes that have
also been discovered in large-scale transcriptome
studies, suggesting their relevance for the muco-
sal control of homeostasis, and supporting their
importance in the dysregulation of immune- and
metabolic-associated pathways in patients with
altered levels of CST. Findings from this study
may advance the concept that targeting the gut
microbiota could be a viable therapeutic strategy
for a novel development of diseases associated
with altered levels of CST, and therefore may
augment prevention strategies in these diseases.

Materials and methods
Animals

All studies with mice were approved by the
University of California San Diego (UCSD) and
Veteran Affairs San Diego Healthcare System
(VASDHS) Institutional Animal Care and Use
Committees for the Mahata laboratory (UCSD:
#500048M; VA: #A13-002) and were performed in
San Diego, California in adherence to the NIH
Guide for the Care and Use of Laboratory
Animals. For the FMT experiment twelve male
adult C57BL/6 ] mice (age 20 weeks) were pur-
chased from Jackson Laboratory (Bar Harbor,
ME) and were acclimatized for 3 weeks before
experimentation. Additionally, 12 CST-KO mice
generated in the Mahata laboratory were used for
this experiment. CST-KO mice have a deletion in
the 63 bp CST domain from Exon VII of the Chga
gene >’ in C57BL/6 background. For transcriptome
analysis, an additional five and seven age- and sex-
matched mice from WT and CST-KO, respectively,
served as controls. Mice were housed in four to five
animals per cage and had free access to water and
food (Normal Chow Diet, LabDiet 5001) in tem-
perature- and humidity-controlled rooms with
a 12-h light/dark cycle.
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Fecal microbiota transplantation

After 3 weeks of acclimatization period, FMT was
performed reciprocally: CST-KO animals received
a fecal transplant from WT donors and WT ani-
mals received a fecal transplant from CST-KO
donors. To avoid the adverse effects of antibiotic
treatment on the intestinal transcriptome and
physiology,”* bowel cleansing was performed with
polyethylene glycol (PEG), an osmotic laxative
agent, as previously described.”® In brief, CST-KO
and WT mice (n = 12) were fasted 4 hr before bowel
cleansing, with free access to water. Mice received
four consecutive bowel cleansings of 425 g/L
PEG4000 (Sigma Aldrich) by oral-gastric gavage.
Each round of bowel cleansing was performed at
20 min intervals. Due to the laxative effect of PEG,
the animals were moved constantly to sterile clean
cages without bedding to avoid coprophagy and re-
inoculation of the former microbiota. To verify the
success of the cleansing procedure, sample mice
(n = 2) were chosen randomly, euthanized and the
total gut was checked to detect luminal content and
it was compared to the intestinal content of
a control mouse treated with 0.9% saline
(Supplementary Figure 4).

Bowel cleansing was only performed on d 1. Five
hours later, mice received the first fecal transplant
(200 pl fecal suspension) by oral-gastric gavage. In
total, mice received three fecal suspensions, one
per day. Fecal suspension for FMT was prepared
as following 1 d before FMT, a pool of feces from
ten mice/group were collected freshly, frozen
immediately, and stored at —80°C. The fecal sus-
pension (1:10 w/v) was prepared each day of FMT
using the frozen pool of feces and sterile PBS. The
solution was vortexed gently for 10 min and cen-
trifuged at 800 rpm for 3 minutes. Only the super-
natant was used for FMT oral gavage. After the first
FMT, mice had normal access to food, water, and
housing conditions. Mice were sacrificed 14 d after
recolonization.

DNA isolation and 16S sequencing

DNA extraction was performed on fecal sam-
ples that were collected before and post-FMT,
using a phenol-chloroform-isoamyl alcohol
procedure.” Briefly, the pellet was resuspended

in 1 ml of lysis buffer (940 ul TE buffer, 50 ul
SDS 10% and 10 pl Proteinase K 20 mg/ml) in
a 2-ml screw cap microtube containing a mix
of zirconium and glass beads. Then, samples
were incubated at 58°C for 1 h, and 150 pl
buffered phenol (Invitrogen, 15,513-047) was
added. In each step, samples were vigorously
mixed using a vortex. To support lysis, samples
were homogenized 3 x 30 s with 1-min inter-
vals on ice in a mini bead-beater (Biospec,
Bartlesville, USA). This was followed by the
addition of 150 pl chloroform/isoamyl alcohol
(24:1) and centrifuged at 16,000x g for 10 min
at 4°C. The upper layer, which contains the
DNA, was carefully transferred to a clean tube
and 300 ul of phenol/chloroform/isoamyl alco-
hol [25:24:1] was added. Again, the upper layer
was transferred to a fresh tube and 300 pl of
chloroform/isoamyl alcohol [24:1] was added.
To precipitate the DNA, the upper layer was
transferred to a new tube and 1 volume of
absolute isopropanol and 1/10 volume of 3 M
sodium acetate was added. Samples were incu-
bated overnight at —-20°C. To get the DNA
pellet, the samples were centrifuged at 16,000x
g for 20 min at 4°C. The supernatant was
removed and 700 ul of 70% ethanol was
added to remove remaining salts from the pel-
let. Ethanol was removed and the DNA pellet
was air-dried for 30 min before resuspension of
the pellet in 100 ul TE buffer.

Sequencing of the V3-V4 region of the bac-
terial 16S gene was carried out by Novogene
Co. Ltd. Briefly, for sequencing library pre-
paration, raw DNA extracts were diluted to 1
ng/ul in sterile water, and amplicons were
generated by PCR (primers 341 F and 806 R)
using a Phusion® High-Fidelity PCR Master
Mix (New England Biolabs). Amplification
product quality was assessed by gel electro-
phoreses and samples were pooled in equimo-
lar ratios. Libraries were generated with
a NEBNext® UltraTM DNA Library Prep Kit
for Illumina and sequencing was carried out
on an Illumina 250 bp paired-end platform.
Initial processing of reads involved trimming
of adapters and primers using a Novogene in-
house pipeline (Novogene Co. Ltd,
Cambridge, UK).



Microbiota analysis

Paired-end sequencing reads were filtered,
denoised, merged, and classified with the dada2
package in the statistical programming language
R while processing forward and reverse reads sepa-
rately until merging >>*’. Briefly, reads were trun-
cated to 220 bp and low-quality reads were filtered
followed by dereplication. Error models were
learned while manually enforcing the monotonicity
of the error function. Reads were denoised and
merged with a minimal overlap of 12 bp, while non-
merging reads were concatenated. Singletons were
removed before performing bimera removal, fol-
lowed by read classification using SILVA (V138)
as a taxonomical reference database.

For downstream analysis, the phyloseq and
microbiome packages to determine richness and
alpha diversity were assessed via observed amplicon
sequence variants (ASVs), chaol, Shannon’s H, and
inverted Simpson’s index **°°. All ASVs were col-
lapsed on the genus level, and cumulative sum
scaling was applied using metagenomeSeq ®°. The
resulting genus abundance table served as input for
different types of ordinations such as principal
component analysis (PCA) or redundancy analysis
(RDA). To test for differences between all clusters,
PERMANOVA was applied using the adonis func-
tion from the vegan package °'. Differential abun-
dance between pre- and post-FMT groups was
assessed by paired Wilcoxon rank sum test followed
by FDR correction using p < 0.05 as a significance
threshold. SourceTracker was used in default set-
tings, with alpha values set to 0.001 and rarefaction
to 1000, to lower computational cost.”> Control
samples (WT and CST-KO) were used as source,
while WT™M1SST7KO 4 CST-

KO™TWT were used as sink. Additionally, LefSe
analysis (Linear discriminant analysis Effect Size *°
was carried out, using standard parameters.

Determination of short-chain fatty acids in cecal
samples

Cecal samples (100 mg) were suspended in 1 mL of
saturated NaCl (36%) solution. An internal stan-
dard (50 pL of 10.7 uM 2-ethylbutyric acid in MQ
water) was added and the samples were homoge-
nized using glass beads. After the addition of
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150 pL H,SO, 96%, SCFAs were extracted with
3 ml of ether. The ether layer was collected and
dried with Na,SO, (150 mg). The supernatant
(0.5 pL) was analyzed using gas chromatography
with flame ionization detection (Agilent, Santa
Clara, California, USA). The system was equipped
with a DB FFAP analytical column (30 m X
0.53 mm ID, 1.0 pm; Agilent) and helium GC
grade (5.6) was used as carrier gas with a constant
flow of 4.2 ml/min. The initial oven temperature
was held at 100°C for 3 min, ramped with 4C/min
at 140°C (isothermal for 5 min) and further with
40°C/min at 235°C (isothermal for 15 min). Graphs
and statistical analysis were performed with
GraphPad Prism, wusing unpaired t-tests.
Significance is indicated in the figure legend.

Transmission Electron Microscopy (TEM) and
morphometric analysis in mice colon

To displace blood and wash tissues before fixation,
mice were deeply anesthetized and were cannulated
through the apex of the heart and perfused with
a pre-warmed (37°C) calcium and magnesium buf-
fer with 10 mM KCl for 3 min followed by perfu-
sion with freshly prepared pre-warmed (37°C)
fixative containing 2.5% glutaraldehyde, 2% paraf-
ormaldehyde in 0.15 M cacodylate buffer for 3 min
as described previously.”> The mouse colon was
dissected. The fixation, embedding, sectioning,
and staining of the mouse colon were performed
as described also by . Grids were viewed using
a JEOL JEM1400-plus TEM (JEOL, Peabody, MA)
and photographed using a Gatan OneView digital
camera with 4 x 4k resolution (Gatan, Pleasanton,
CA). Micrographs were randomly taken from 3
mice per group (8-10 photographs per mouse
with a total of 25-28 photographs), and the mor-
phometry of tight junctions and fibrosis was per-
formed as described previously.*"** Briefly, the line
segment tool in NIH Image] was used to measure
the lengths and perpendicular widths (diameter) of
TJ, AJ, and desmosomes. The free-hand tool in
NIH Image] was used to manually trace around
the area occupied by the collagen fibers. For deter-
mination of the collagen area, the sum of the col-
lagen area in a randomly chosen photograph was
divided by the total area of that photograph and
multiplied by 100.
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RNA extraction from colonic samples

Samples were collected and submerged in RNA
later (Qiagen) to avoid RNA degradation and
stored at —80°C. A hybrid protocol using TRIzol
(Invitrogen) and RNeasy Mini Kit (Qiagen) was
used to obtain high-quality RNA. Briefly, 10-
20 mg of tissue was submerged in 1 ml ice-cold
TRIzol in a 2 ml screw cap microtube containing
3-mm glass beads. To perform lysis, samples were
homogenized 3 x 30 s with 1-min intervals on ice
in a mini bead-beater (Biospec, Bartlesville, USA).
The sample was centrifuged at 12,500x g for
15 min at 4°C. Then, it was transferred to
a clean tube where 200 pl of chloroform was
added and mixed with a vortexer. After centri-
fuged at 12,500x g for 15 min at 4°C, the upper
clear layer was collected in a fresh tube and two
volumes of 100% ethanol were added and mixed
gently. Immediately, the mixture was transferred
to an RNAeasy mini kit column and centrifuged
for 30 s at room temperature. To wash the RNA,
two times 500 pl RPE solution was added, and
RNA was eluted in a tube with RNAse-free
water. RNA quality was assessed by gel
electrophoresis.

RNA sequencing in colon samples

RNA library was assembled using NEBNext Poly(A)
mRNA Magnetic Isolation Module (E7490) and
NEBNext Ultra II RNA Library Prep Kit for
[Mumina (E7770, New England Biolabs) as per man-
ufacturer’s instructions. Single-end sequencing was
performed using a NextSeq 500 machine (Illumina;
up to 75 cycles). The generated data were subse-
quently demultiplexed using sample-specific barcodes
and changed into fastq files using bcl2fastq (Illumina;
version 1.8.4). The quality of the data was assessed
using FastQC (v0.11.8).%* Low-quality bases and
(parts of) adapter sequences were removed with
Cutadapt (v1.12;settings: q=15,0=5,e=0.1,m=36).-
%% Sequenced poly-A tails were removed as well, by
using a poly-A and a poly-T sequence as adapter
sequences (A{100} and T{100}). Reads shorter than
36 bases were discarded. The trimmed fragment
sequences were subsequently aligned to the mouse
reference genome (GRCm39; From Ensembl; release
103) and the number of reads per gene were

determined with the use of STAR.%%; v2.7.8a; settings:-
outSAMstrandField=intronMotif,-
quantMode=GeneCounts,-
outFilterMultimapNmax=1 Duplicate reads were
marked with samtools markdup (v1.9; using htslib
1.9) and the extent of PCR amplification (PCR arte-
facts) was assessed with the use of the R package
dupRadar (v.16.0).5”°® There was no indication of
PCR artifacts for any of the samples (Intercept:
0.006-0.013; Slope: 4.50-5.69; webpage of dupRadar
was used as a guideline; https://bioconductor.org/
packages/release/bioc/vignettes/dupRadar/inst/doc/
dupRadar.html).

Differential gene expression and gene ontology
analysis

The principal component analysis was performed in
R (v3.6.3) using the R package DESeq2 (v1.26.0).>"%°
To visualize the overall effect of experimental covari-
ates as well as batch effects (function: plotPCA).
Differential gene expression analyses were performed
with the same R package using default settings
(Negative Binomial GLM fitting and Wald statistics),
following standard normalization procedures.

The function enrichGO of the Bioconductor
R package clusterProfiler (v3.14.3) was used to test
whether certain gene ontology (GO) categories
were enriched among the detected genes (settings:
OrgDb = org.Mm.eg.db [v3.10.0],
keyType = ENSEMBL, universe = [all genes with
an adjusted p-value; padj is not NA],
qvalueCutoft = 0.05, minGSSize = 1,
maxGSSize = 100,000), while only considering the
bioprocess aspect of GO.”*”!

The expected number of genes for each category
(see barplots) were calculated with the gene ratio
(GeneRatio) and background ratio (bgRatio) infor-
mation from the output of the enrichGO function
(background ratio times total number of genes with
GO annotation that were differentially expressed).

Differential gene expression analysis with GSEA

Normalized expression levels were subjected to
Gene Set Enrichment Analysis (GSEA) using default
parameters.”> GO bioprocess was used as gene set
category, and enrichment results were visualized
using the EnrichmentMap plugin (v3.3.3) of


https://bioconductor.org/packages/release/bioc/vignettes/dupRadar/inst/doc/dupRadar.html
https://bioconductor.org/packages/release/bioc/vignettes/dupRadar/inst/doc/dupRadar.html
https://bioconductor.org/packages/release/bioc/vignettes/dupRadar/inst/doc/dupRadar.html

Cytoscape (v3.9), by considering all enriched cate-
gories below a nominal p-value of 0.05.”> Clusters
were grouped and annotated using the
Autoannotate plugin (v1.2) with default parameters.

Construction of core regulatory network

DEGS (Padjustea<0.05) were subset to contain only genes
which exhibited an opposite foldchange upon FMT,
being greater than +-0.58 log2FC. Associations among
the proteins translated by the commonly identified
DEGs were assessed using the StringApp plugin (v1.7)
from Cytoscape (v3.9).”*”> The minimum required
interaction score was set to 0.4 and interactions
among the query proteins were further visualized.
Single nodes and two node clusters were removed and
clusters were identified with Cytocluster ClusterONE
(v.1.0) 7° with default settings. Clusters were considered
significant when p-value <0.05 was met. Subsequently,
functional enrichment using StringApp was performed
on the resulting clusters. Visualisation was carried out
in Cytoscape.

Correlation analysis of gene expression levels and
microbial taxon abundance

Genes were subset to only contain genes, which
change in a significant manner upon FMT. Pairwise
Pearson correlations were computed between normal-
ized expression levels (DSeq2) for each gene against
normalized abundance values (CSS) of each microbial
taxon using the psych R package. This was done sepa-
rately per genotype only on FMT timepoints. Only
significant correlations were kept for further analysis.
To overcome the fact of unpaired samples for the
control groups, gene and taxon log2 fold-changes
(log2FC) were used to discard any false-positive cor-
relations. When the sign of the correlation was posi-
tive the sign of the gene and taxon log2FC were
required to be equal, contrary if the correlation sign
was negative, the signs of the log2FCs had to be
different.

To further refine the analysis correlations were
subset to contain only genes, which change in an
opposite fashion, e.g. positive log2FC in WT and
negative 1og2FC in CSTKO, as well as an log2FC
greater than 0.58. We performed graph analysis and
visualization in Cytoscape v3.9 also employing the
StringApp plugin.

GUT MICROBES (&) 208147615

Statistical analysis

All statistical tests were performed using GraphPad
Prism 7 or the statistical programming language
R. Specific statistical tests are indicated in the text
or figure legends. Normality was assessed by either
D’Augustino-Pearson omnibus normality test or
Shapiro-Wilk normality test. If normality was met,
a t-test was chosen, otherwise non-parametric
Mann-Whitney test was used. Outliers were
assessed with GraphPads ROUT method (Q = 1).

Acknowledgments

P.G-D thanks the National Council of Science and Technology
in Mexico (CONACyt) for the Ph.D. grant assigned to CVU
690069. We thank the UMCG/ERIBA Research Sequencing
facility for help with RNA sequencing. We further thank
Dr Danny Incarnato of Department of Molecular Genetics,
University of Groningen, the Netherlands, for his guidance in
the RNA-Library preparation; Dr Greet Vandermeulen of
Department of chronic diseases and metabolism, Faculty of
Medicine, KU Leuven, Belgium, for the help with SCFAs’
analysis.

Authors’ Contributions

P.G-D., M.S, S.E.A, and S.K.M conceived and designed the
study. P.G-D., A.D., M.S., B.D, and S.K.M. performed the
experiments, and P.G-D., M.S, RW, B.D., S.K.M,, and S.E.A
analyzed the data. P.G-D, M.S, S.E.A. wrote the original manu-
script that was reviewed by A.D, RW.,, B.D., K.V., and S.K.M.
Funding for these studies was acquired by S.E.A. and S.K.M.
All authors read and approved the final manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

S.E.A is supported by a Rosalind Franklin Fellowship, co-
funded by the European Union and University of
Groningen, The Netherlands. S.K.M. is supported by a Merit
Review Grant (I01 BX003934) from the Department of
Veterans Affairs, USA.

ORCID

Boushra Dalile
Kristin Verbeke

http://orcid.org/0000-0003-1064-7214
http://orcid.org/0000-0002-5352-7565



€2081476-16 P. GONZALEZ-DAVILA ET AL.

Sahar El Aidy

http://orcid.org/0000-0001-8950-4392

Availability of data and materials

All data generated or analyzed during this study are included
in this published article and its supplementary information
files. Whole transcriptome and 16S rRNA gene amplicon
sequence data were deposited under BioProject numbers
PRJNA800626 and PRINA741992.

References

1.

ShiN, Li N, Duan X, Niu H. Interaction between the gut
microbiome and mucosal immune system. Mil Med
Res. 2017;4(1):1-7. d0i:10.1186/s40779-017-0122-9.

. Jiao Y, Wu L, Huntington ND, Zhang X, Zhu L.

Crosstalk between gut microbiota and innate immunity
and its implication in autoimmune diseases. Front
Immunol. 2020;11:11. doi:10.3389/fimmu.2020.00282.

. Martin AM, Sun EW, Rogers GB, Keating DJ. The

influence of the gut microbiome on host metabolism
through the regulation of gut hormone release. Front
Physiol. 2019;10(MAR):1-11. doi:10.3389/
fphys.2019.00428.

. El Aidy S, Stilling R, Dinan TG, Cryan JF. Microbiome

to brain: unravelling the multidirectional axes of
communication. Adv Exp Med Biol.
2016;874:301-336. [place unknown]. doi:10.1007/978-
3-319-20215-0_15.

. Heijtz RD, Wang S, Anuar F, Qian Y, Bjorkholm B,

Samuelsson A, Hibberd ML, Forssberg H,
Pettersson S. Normal gut microbiota modulates brain
development and behavior. Proc Natl Acad Sci.
2011;108(7):3047-3052. doi:10.1073/pnas.1010529108.

. Araujo JR, Tomas J, Brenner C, Sansonetti PJ. Impact of

high-fat diet on the intestinal microbiota and small
intestinal physiology before and after the onset of
obesity. Biochimie. 2017;141:97-106. doi:10.1016/j.
biochi.2017.05.019.

. El Aidy S, Dinan TG, Cryan JF. Inmune modulation of

the brain-gut-microbe axis. Front Microbiol. 2014;5
(APR):3-6. doi:10.3389/fmicb.2014.00146.

. Mahata SK, O’Connor DT, Mahata M, Yoo SH,

Taupenot L, Wu H, Gill BM, Parmer R]. Novel auto-
crine feedback control of catecholamine release.
A discrete fragment s
a noncompetitive nicotinic cholinergic antagonist.
J Clin Invest. 1997;100(6):1623-1633. doi:10.1172/
JCI119686.

chromogranin  a

. Lee JC, Taylor CV, Gaucher SP, Toneft T, Taupenot L,

Yasothornsrikul S, Mahata SK, Sei C, Parmer R],
Neveu JM, et al. Primary sequence characterization of
catestatin intermediates and peptides defines proteolytic
cleavage sites utilized for converting chromogranin

10.

11.

12.

13.

14.

15.

16.

17.

18.

A into active catestatin secreted from neuroendocrine
chromaffin cells. Biochemistry. 2003;42(23):6938-6946.
doi:10.1021/bi0300433.

Mahata SK, Mahata M, Wakade AR, O’Connor DT.
Primary structure and function of the catecholamine
release inhibitory peptide catestatin (Chromogranin
A344-364): identification of amino acid residues crucial
for activity. Molecular Endocrinology. 2000;14
(10):1525-1535. doi:10.1210/mend.14.10.0531.

Mahata SK, Mahapatra NR, Mahata M, Wang TC,
Kennedy BP, Ziegler MG, O’Connor DT.
Catecholamine secretory vesicle stimulus-transcription
coupling in vivo. Demonstration by a novel transgenic
promoter/photoprotein reporter and inhibition of
secretion and transcription by the chromogranin
A fragment catestatin. ] Biol Chem. 2003;278
(34):32058-32067. doi:10.1074/jbc.M305545200.

Ying W, Mahata SSK, Bandyopadhyay GK, Zhou Z,
Wollam J, Vu J, Mayoral R, Chi NW, Webster NJG,
Corti A, et al. Catestatin inhibits obesity-induced
macrophage infiltration and inflammation in the liver
and suppresses hepatic glucose production, leading to
improved insulin sensitivity. Diabetes. 2018;67
(5):841-848. doi:10.2337/db17-0788.

Kojima M, Ozawa N, Mori Y, Takahashi Y,
Watanabe-Kominato K, Shirai R, Watanabe R,
Sato K, Matsuyama TA, Ishibashi-Ueda H, et al.
Catestatin prevents macrophage-driven athero-
sclerosis but not arterial injury-induced neointimal
hyperplasia. ~ Thromb  Haemost. 2018;118
(1):182-194. doi:10.1160/TH17-05-0349.

Chen Y, Wang X, Yang C, SuX, Yang W, Dai Y, Han H,
Jiang J, Lu L, Wang H, et al. Decreased circulating
catestatin levels are associated with coronary artery dis-
ease: the emerging anti-inflammatory role.
Atherosclerosis. 2019;281(September 2018):78-88.
doi:10.1016/j.atherosclerosis.2018.12.025.

Muntjewerft EM, Christoffersson G, Mahata SK, van
den  Bogaart G. Putative regulation of
macrophage-mediated inflammation by catestatin.

Trends Immunol Internet. 2022;43(1):41-50.
doi:10.1016/}.it.2021.11.002.
Rabbi MF, Labis B, Metz-Boutigue MH,

Bernstein CN, Ghia JE. Catestatin decreases macro-
phage function in two mouse models of experimen-
tal colitis. Biochem Pharmacol. 2014;89(3):386-398.
do0i:10.1016/j.bcp.2014.03.003.

Rabbi MF, Munyaka PM, Eissa N, Metz-Boutigue MH,
Khafipour E, Ghia JE. Human catestatin alters gut
microbiota composition in mice. Front Microbiol.
2017;7(JAN):1-12. doi:10.3389/fmicb.2016.02151.
Eissa N, Hussein H, Mesgna R, Bonin S, Hendy GN,
Metz-Boutigue MH, Bernstein CN, Ghia JE. Catestatin
regulates epithelial cell dynamics to improve intestinal
inflammation. Vaccines (Basel). 2018;6(4):1-18.
d0i:10.3390/vaccines6040067.


https://doi.org/10.1186/s40779-017-0122-9
https://doi.org/10.3389/fimmu.2020.00282
https://doi.org/10.3389/fphys.2019.00428
https://doi.org/10.3389/fphys.2019.00428
https://doi.org/10.1007/978-3-319-20215-0_15
https://doi.org/10.1007/978-3-319-20215-0_15
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1016/j.biochi.2017.05.019
https://doi.org/10.1016/j.biochi.2017.05.019
https://doi.org/10.3389/fmicb.2014.00146
https://doi.org/10.1172/JCI119686
https://doi.org/10.1172/JCI119686
https://doi.org/10.1021/bi0300433
https://doi.org/10.1210/mend.14.10.0531
https://doi.org/10.1074/jbc.M305545200
https://doi.org/10.2337/db17-0788
https://doi.org/10.1160/TH17-05-0349
https://doi.org/10.1016/j.atherosclerosis.2018.12.025
https://doi.org/10.1016/j.it.2021.11.002
https://doi.org/10.1016/j.bcp.2014.03.003
https://doi.org/10.3389/fmicb.2016.02151
https://doi.org/10.3390/vaccines6040067

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ying W, Mahata S, Bandyopadhyay GK, Zhou Z,
Wollam J, Vu ], Mayoral R, Chi NW, Webster NJG,
Corti A, et al. Catestatin inhibits obesity-induced
macrophage infiltration and inflammation in the liver
and suppresses hepatic glucose production, leading to
improved insulin sensitivity. Diabetes. 2018;67
(5):841-848. doi:10.2337/db17-0788.

Ying W, Tang K, Avolio E, Schilling JM, Pasqua T,
Liu MA, Cheng H, Gao H, Zhang ], Mahata S, et al.
Immunosuppression of macrophages underlies the car-
dioprotective effects of CST (Catestatin). Hypertension.
2021;77(5):1670-1682. doi:10.1161/
HYPERTENSIONAHA.120.16809.

Muntjewerft EM, Tang K, Lutter L, Christoffersson G,
Nicolasen MJT, Gao H, Katkar GD, Das S, ter Beest M,
Ying W, et al. Chromogranin A regulates gut perme-
ability via the antagonistic actions of its proteolytic
peptides. Acta Physiologica. 2021;232(2). doi:10.1111/
apha.13655.

Muntjewerft EM, Lutter L, Tang K, Lindert MK,
Fransen ], Oldenburg B, Mahata SK, van den
Bogaart G 2021. Catestatin regulates the colonic
mucus layer in inflammatory bowel disease. (862137).
Gonzalez-D4vila P, Schwalbe M, Danewalia A, Dalile B,
Verbeke K, Mahata SK, El Aidy S. Catestatin selects for
the colonization of antimicrobial-resistant gut bacterial
communities. bioRxiv. 2021:1-38. doi:10.1101/
2021.10.11.463921.

Bokoliya SC, Dorsett Y, Panier H, Zhou Y. Procedures
for fecal microbiota transplantation in murine micro-
biome studies. Front Cell Infect Microbiol. 2021:11.
doi:10.3389/fcimb.2021.711055.

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L,
Garrett WS, Huttenhower C. Metagenomic biomarker
discovery and explanation. Genome Biol. 2011;12(6):
R60. doi:10.1186/gb-2011-12-6-r60.

Tsukuda N, Yahagi K, Hara T, Watanabe Y,
Matsumoto H, Mori H, Higashi K, Tsuji H,
Matsumoto S, Kurokawa K, et al. Key bacterial taxa
and metabolic pathways affecting gut short-chain fatty
acid profiles in early life. ISME J. 2021;15(9):2574-2590.
doi:10.1038/s41396-021-00937-7.

Bui TPN, Ritari ], Boeren S, De Waard P, Plugge CM,
De Vos WM. Production of butyrate from lysine and
the Amadori product fructoselysine by a human gut
commensal. Nat Commun. 2015;6(1):1-10.
doi:10.1038/ncomms10062.

El Aidy S, van Baarlen P, Derrien M, Lindenbergh-
Kortleve DJ, Hooiveld G, Levenez F, Doré J, Dekker J,
Samsom JN, Nieuwenhuis EES, et al. Temporal and
spatial interplay of microbiota and intestinal mucosa
drive establishment of immune homeostasis in conven-
tionalized mice. Mucosal Immunol. 2012;5(5):567-579.
doi:10.1038/mi.2012.32.

Franzosa EA, Sirota-Madi A, Avila-Pacheco ],
Fornelos N, Haiser HJ, Reinker S, Vatanen T, Hall AB,
Mallick H, Mclver L], et al. Gut microbiome structure

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

GUT MICROBES (&) €2081476-17

and metabolic activity in inflammatory bowel disease.
Nature Microbiol. 2019;4(2):293-305. doi:10.1038/
541564-018-0306-4.

Halfvarson ], Brislawn CJ, Lamendella R, Vazquez-
Baeza Y, Walters WA, Bramer LM, D’Amato M,
Bonfiglio F, McDonald D, Gonzalez A, et al. Dynamics
of the human gut microbiome in inflammatory bowel
disease. Nature Microbiol. 2017;2(5):17004.
doi:10.1038/nmicrobiol.2017.4.

Buckley A, Turner JR. Cell biology of tight junction
barrier regulation and mucosal disease. Cold Spring
Harb Perspect Biol. 2018;10(1):a029314. doi:10.1101/
cshperspect.a029314.

Ma TY, Iwamoto GK, Hoa NT, Akotia V, Pedram A,
Boivin MA, Said HM. TNF-a-induced increase in
intestinal epithelial tight junction permeability requires
NF-kB activation. Am ] Physiol Gastrointestinal Liver
Physiology. 2004;286(3):G367-G376. doi:10.1152/
ajpgi.00173.2003.

Gross A, Pack LAP, Schacht GM, Kant S, Ungewiss H,
Meir M, Schlegel N, Preisinger C, Boor P, Guldiken N,
et al. Desmoglein 2, but not desmocollin 2, protects
intestinal epithelia from injury. Mucosal Immunol.
2018;11(6):1630-1639. doi:10.1038/s41385-018-0062-z.
Speca S, Giusti I, Rieder F, Latella G. Cellular and
molecular mechanisms of intestinal fibrosis. World
J Gastroenterology. 2012;18(28):3635. doi:10.3748/wjg.
v18.i28.3635.

Massimino L, Lamparelli LA, Houshyar Y, D’Alessio S,
Peyrin-Biroulet L, Vetrano S, Danese S, Ungaro F. The
inflammatory bowel disease transcriptome and meta-
meta-analysis (IBD TaMMA)
framework. Nature Computational Science. 2021;1
(8):511-515. doi:10.1038/s43588-021-00114-y.
Schneeberger M, Everard A, Gdémez-Valadés AG,
Matamoros S, Ramirez S, Delzenne NM, Gomis R,
Claret M, Cani PD. Akkermansia muciniphila inversely

transcriptome

correlates with the onset of inflammation, altered adi-
pose tissue metabolism and metabolic disorders during
obesity in mice. Sci Rep. 2015;5(May):1-14.
doi:10.1038/srep16643.

Zhou Q, Pang G, Zhang Z, Yuan H, Chen C, Zhang N,
Yang Z, Sun L. Association between gut akkermansia
and metabolic syndrome is dose-dependent and affected
by microbial interactions: a cross-sectional study.
Diabetes, Metabolic Syndrome and Obesity: Targets
Therapy. 2021;14(March):2177-2188. doi:10.2147/
DMSO0.S311388.

Bourebaba Y, Mularczyk M, Marycz K, Bourebaba L.
Catestatin peptide of chromogranin A as a potential
new target for several risk factors management in the
course of metabolic syndrome. Biomed Pharmacother.
2021;134:111113. doi:10.1016/j.biopha.2020.111113.
Glassner KL, Abraham BP, Quigley EMM. The micro-
biome and inflammatory bowel disease. J Allergy Clin
Immunol. 2020;145(1):16-27. doi:10.1016/j.
jaci.2019.11.003.


https://doi.org/10.2337/db17-0788
https://doi.org/10.1161/HYPERTENSIONAHA.120.16809
https://doi.org/10.1161/HYPERTENSIONAHA.120.16809
https://doi.org/10.1111/apha.13655
https://doi.org/10.1111/apha.13655
https://doi.org/10.1101/2021.10.11.463921
https://doi.org/10.1101/2021.10.11.463921
https://doi.org/10.3389/fcimb.2021.711055
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1038/s41396-021-00937-7
https://doi.org/10.1038/ncomms10062
https://doi.org/10.1038/mi.2012.32
https://doi.org/10.1038/s41564-018-0306-4
https://doi.org/10.1038/s41564-018-0306-4
https://doi.org/10.1038/nmicrobiol.2017.4
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1152/ajpgi.00173.2003
https://doi.org/10.1152/ajpgi.00173.2003
https://doi.org/10.1038/s41385-018-0062-z
https://doi.org/10.3748/wjg.v18.i28.3635
https://doi.org/10.3748/wjg.v18.i28.3635
https://doi.org/10.1038/s43588-021-00114-y
https://doi.org/10.1038/srep16643
https://doi.org/10.2147/DMSO.S311388
https://doi.org/10.2147/DMSO.S311388
https://doi.org/10.1016/j.biopha.2020.111113
https://doi.org/10.1016/j.jaci.2019.11.003
https://doi.org/10.1016/j.jaci.2019.11.003

€2081476-18 P. GONZALEZ-DAVILA ET AL.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Earley H, Lennon G, Balfe A, Coffey JC, Winter DC,
O’Connell PR. The abundance of Akkermansia mucini-
phila and its relationship with sulphated colonic mucins
in health and ulcerative colitis. Sci Rep. 2019;9(1):1-9.
doi:10.1038/s41598-019-51878-3.

De Preter V, Geboes KP, Bulteel V, Vandermeulen G,
Suenaert P, Rutgeerts P, Verbeke K. Kinetics of butyrate
metabolism in the normal colon and in ulcerative coli-
tis: the effects of substrate concentration and carnitine
on the B-oxidation pathway. Aliment Pharmacol Ther.
2011;34(5):526-532. doi:10.1111/j.1365-
2036.2011.04757 x.

Huda-Faujan N, Abdulamir AS, Fatimah AB, Anas OM,
Shuhaimi M, Yazid AM, Loong YY. The impact of the
level of the intestinal short chain fatty acids in inflam-
matory bowel disease patients versus healthy subjects.
Open Biochem J. 2010;4(1):53-58. doi:10.2174/
1874091X01004010053.

Bandyopadhyay GK, Vu CU, Gentile S, Lee H,
Biswas N, Chi NW, O’Connor DT, Mahata SK.
Catestatin (Chromogranin A352-372) and novel effects
on mobilization of fat from adipose tissue through
regulation of adrenergic and leptin signaling. J Biol
Chem. 2012;287(27):23141-23151. doi:10.1074/jbc.
M111.335877.

Durakoglugil ME, Ayaz T, Kocaman SA, Kirbas A,
Durakoglugil T, Erdogan T, Cetin M, S$ahin OZ,
Cicek Y. The relationship of plasma catestatin concen-
trations with metabolic and vascular parameters in
untreated hypertensive patients: influence on
high-density  lipoprotein  cholesterol. ~ Anadolu
Kardiyoloji Dergisi. 2015;15(7):577-585. doi:10.5152/
akd.2014.5536.

Lally S, Tan CY, Owens D, Tomkin GH. Messenger
RNA levels of genes involved in dysregulation of post-
prandial lipoproteins in type 2 diabetes: the role of
Niemann-Pick Cl-like 1, ATP-binding cassette, trans-
porters G5 and G8, and of microsomal triglyceride
transfer protein. Diabetologia. 2006;49(5):1008-1016.
doi:10.1007/s00125-006-0177-8.

Igbal J, Parks JS, Hussain MM. Lipid absorption defects
in intestine-specific microsomal triglyceride transfer
protein and ATP-binding cassette transporter
Al-deficient mice. J Biol Chem. 2013;288
(42):30432-30444. doi:10.1074/jbc.M113.501247.

El Aidy S, Merrifield CA, Derrien M, Van Baarlen P,
Hooiveld G, Levenez F, Doré J, Dekker J, Holmes E,
Claus SP, et al. The gut microbiota elicits a profound
metabolic reorientation in the mouse jejunal mucosa
during conventionalisation. Gut. 2013;62(9): 1306-
1314. doi:10.1136/gutjnl-2011-301955.

Scoville EA, Allaman MM, Brown CT, Motley AK,
Horst SN, Williams CS, Koyama T, Zhao Z,
Adams DW, Beaulieu DB, et al. Alterations in lipid,
amino acid, and energy metabolism distinguish

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Crohn’s disease from ulcerative colitis and control sub-
jects by serum metabolomic profiling. Metabolomics.
2018;14(1):1-12. doi:10.1007/s11306-017-1311-y.
Heimerl S, Moehle C, Zahn A, Boettcher A,
Stremmel W, Langmann T, Schmitz G. Alterations in
intestinal fatty acid metabolism in inflammatory bowel
disease. Biochimica Et Biophysica Acta - Molecular
Basis of Disease. 2006;1762(3):341-350. doi:10.1016/j.
bbadis.2005.12.006.

Wang Y, Miao X, Li H, Su P, Lin L, Liu L, Li X, Shi H. The
correlated expression of immune and energy metabolism
related genes in the response to Salmonella enterica ser-
ovar Enteritidis inoculation in chicken. BMC Vet Res.
2020;16(1):1-9. doi:10.1186/s12917-020-02474-5.
Lamichhane S, Sen P, Alves MA, Ribeiro HC,
Raunioniemi P, Hyo6tyldinen T, Oresi¢ M. Linking gut
microbiome and lipid metabolism: moving beyond
associations. Metabolites. 2021;11(1):1-15.
d0i:10.3390/metabo11010055.

Fung TC, Vuong HE, Luna CDG, Pronovost GN,
Aleksandrova AA, Riley NG, Vavilina A, McGinn ],
Rendon T, Forrest LR, et al. Intestinal serotonin and
fluoxetine exposure modulate bacterial colonization in
the gut. Nature Microbiol. 2019;4(12):2064-2073.
doi:10.1038/s41564-019-0540-4.

Allegretti JR, Kao D, Sitko J, Fischer M, Kassam Z. Early
antibiotic use after fecal microbiota transplantation
increases risk of treatment failure. Clinical Infectious
Diseases. 2018;66(1):134-135. do0i:10.1093/cid/cix684.
Wrzosek L, Ciocan D, Borentain P, Spatz M, Puchois V,
Hugot C, Ferrere G, Mayeur C, Perlemuter G,
Cassard AM. Transplantation of human microbiota
into conventional mice durably reshapes the gut
microbiota. Sci Rep. 2018;8(1):1-9. doi:10.1038/
541598-018-25300-3.

Santella RM. Approaches to DNA/RNA extraction and
genome amplification: table 1.
Epidemiology Biomarkers & Prevention. 2006;15
(9):1585-1587. doi:10.1158/1055-9965.EPI1-06-0631.
Callahan B J, McMurdie P J, Rosen M ], Han A W,
Johnson A Jo, Holmes S P. DADA2: High-resolution
sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581-583. doi:10.1038/nmeth.3869.
R Core Team. 2019. R: A Language and Environment
for Statistical Computing http://www.R-project.org/.
McMurdie P J, Holmes S and Watson M. phyloseq: An
R Package for Reproducible Interactive Analysis and
Graphics of Microbiome Census Data. PLoS ONE.
2013;8(4):€61217. doi:10.1371/journal.pone.0061217.
Lahti, Leo, Shetty, Sudarshan microbiome R package.
http://microbiome.github.io

Paulson J N, Stine O C, Bravo H C, Pop M. Differential
abundance analysis for microbial marker-gene surveys.
Nat Methods. 2013;10(12):1200-1202. doi:10.1038/
nmeth.2658.

whole Cancer


https://doi.org/10.1038/s41598-019-51878-3
https://doi.org/10.1111/j.1365-2036.2011.04757.x
https://doi.org/10.1111/j.1365-2036.2011.04757.x
https://doi.org/10.2174/1874091X01004010053
https://doi.org/10.2174/1874091X01004010053
https://doi.org/10.1074/jbc.M111.335877
https://doi.org/10.1074/jbc.M111.335877
https://doi.org/10.5152/akd.2014.5536
https://doi.org/10.5152/akd.2014.5536
https://doi.org/10.1007/s00125-006-0177-8
https://doi.org/10.1074/jbc.M113.501247
https://doi.org/10.1136/gutjnl-2011-301955
https://doi.org/10.1007/s11306-017-1311-y
https://doi.org/10.1016/j.bbadis.2005.12.006
https://doi.org/10.1016/j.bbadis.2005.12.006
https://doi.org/10.1186/s12917-020-02474-5
https://doi.org/10.3390/metabo11010055
https://doi.org/10.1038/s41564-019-0540-4
https://doi.org/10.1093/cid/cix684
https://doi.org/10.1038/s41598-018-25300-3
https://doi.org/10.1038/s41598-018-25300-3
https://doi.org/10.1158/1055-9965.EPI-06-0631
https://doi.org/10.1038/nmeth.3869
http://www.R-project.org/
https://doi.org/10.1371/journal.pone.0061217
http://microbiome.github.io
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1038/nmeth.2658

61.

62.

63.

64.

65.

66.

67.

68.

Oksanen, J, Blanchet, F G, Friendly, M, Kindt, R,
Legendre, P, McGlinn, D, Minchin, P R, O'Hara, R B,
Simpson, G L, Solymos, P, Stevens, M H H, Szoecs, E,
Wagner, H. 2019. vegan: Community Ecology Package.
https://cran.r-project.org/package=vegan

Knights D, Kuczynski J, Charlson ES, Zaneveld ],
Mozer MC, Collman RG, Bushman FD, Knight R,
Kelley ST. Bayesian community-wide
culture-independent microbial source tracking. Nat
Methods. 2011;8(9):761-765. doi:10.1038/nmeth.1650.
Pasqua T, Mahata S, Bandyopadhyay GK, Biswas A,
Perkins GA, Sinha-Hikim AP, Goldstein DS, Eiden LE,
Mahata SK. Impact of Chromogranin A deficiency on
catecholamine storage, catecholamine granule morphol-
ogy and chromaffin cell energy metabolism in vivo. Cell
Tissue Res. 2016. doi:10.1007/s00441-015-2316-3.
Andrews S 2010. FastQC A Quality Control tool for
high throughput sequence data.

Martin M. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J. 2011;17
(1):10. doi:10.14806/ej.17.1.200.

Dobin A, Davis CA, Schlesinger F, Drenkow J,
Zaleski C, Jha S, Batut P, Chaisson M, Gingeras TR.
STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21. doi:10.1093/bioin-
formatics/bts635.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J,
Homer N, Marth G, Abecasis G, Durbin R. The
Sequence Alignment/Map format and SAMtools.
Bioinformatics. 2009;25(16):2078-2079. do0i:10.1093/
bioinformatics/btp352.

Sayols S, Scherzinger D, Klein H. dupRadar:
a Bioconductor package for the assessment of PCR
artifacts in RNA-Seq data. BMC Bioinform. 2016517
(1):1-5. doi:10.1186/s12859-016-1276-2.

69.

70.

71.

72.

73.

74.

75.

76.

GUT MICROBES (&) €2081476-19

Love MI, Huber W, Anders S. Moderated estimation of
fold change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014;15(12). doi:10.1186/
s13059-014-0550-8.

Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an
R package for comparing biological themes among gene
clusters. OMICS A ] Integrative Bio. 2012;16
(5):284-287. d0i:10.1089/0mi.2011.0118.

Carlson M 2019. org.Mm.eg.db: Genome wide annota-
tion for Mouse.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL,
Golub TR, Lander ES, et al. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide
expression profiles. Proc Natl Acad Sci. 2005;102
(43):15545-15550. doi:10.1073/pnas.0506580102.

Merico D, Isserlin R, Stueker O, Emili A, Bader GD.
Enrichment Map: a network-based method for gene-set
enrichment visualization and interpretation. Ravasi T,
editor. PLoS ONE. 2010;5(11):e13984. doi:10.1371/jour-
nal.pone.0013984.

Doncheva NT, Morris JH, Gorodkin J, Jensen LJ.
Cytoscape stringapp: network analysis and visualization
of proteomics data. ] Proteome Res. 2019;18
(2):623-632. doi:10.1021/acs.jproteome.8b00702.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT,
Ramage D, Amin N, Schwikowski B, Ideker T.
Cytoscape: a Software Environment for Integrated
Models of Biomolecular Interaction Networks.
Genome Res. 2003;13(11):2498-2504. do0i:10.1101/
gr.1239303.

Li M, Li D, Tang Y, Wu F, Wang ]. Cytocluster:
a Cytoscape plugin for cluster analysis and visualization
of biological networks. Int J] Mol Sci. 2017;18(9):1880.
doi:10.3390/ijms18091880.


https://cran.r-project.org/package=vegan
https://doi.org/10.1038/nmeth.1650
https://doi.org/10.1007/s00441-015-2316-3
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/s12859-016-1276-2
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1021/acs.jproteome.8b00702
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3390/ijms18091880

	Abstract
	Introduction
	Results
	Reciprocal fecal microbiota transfer between CST-KO and wild-type mice harbouring distinct microbial populations
	Adoptive transfer of dysfunctional epithelial barrier and colonic fibrosis from CST-KO to WT mice
	Core regulatory network that governs the transcriptional changes and their association with the transplanted microbiota

	Discussion
	Materials and methods
	Animals

	Fecal microbiota transplantation
	DNA isolation and 16S sequencing

	Microbiota analysis
	Determination of short-chain fatty acids in cecal samples
	Transmission Electron Microscopy (TEM) and morphometric analysis in mice colon
	RNA extraction from colonic samples
	RNA sequencing in colon samples
	Differential gene expression and gene ontology analysis
	Differential gene expression analysis with GSEA
	Construction of core regulatory network
	Correlation analysis of gene expression levels and microbial taxon abundance
	Statistical analysis

	Acknowledgments
	Authors’ Contributions
	Disclosure statement
	Funding
	ORCID
	Availability of data and materials
	References

