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Akkermansia muciniphila counteracts the deleterious
effects of dietary emulsifiers on microbiota and

host metabolism

Noémie Daniel," Andrew T Gewirtz

ABSTRACT

Background Accumulating evidence indicates that
some non-absorbed food additives, including emulsifiers
carboxymethylcellulose (CMC) and polysorbate 80 (P80),
can negatively impact intestinal microbiota, leading to
microbiota encroachment, chronic low-grade intestinal
inflammation and, subsequently, promotion of metabolic
dysregulations. Detrimental impacts of emulsifier
consumption on gut microbiota include depletion of the
health-associated mucus-fortifying bacteria, Akkermansia
muciniphila.

Objective Investigate, in mice, the potential of
administration of exogenous A. muciniphila as a means
to protect against detrimental impacts of emulsifiers.
Results Daily oral administration of A. muciniphila
prevented phenotypic consequences of consumption of
both CMC and P80, including hyperphagia, weight gain
and dysglycaemia. A. muciniphila administration also
counteracted the low-grade intestinal inflammation-
induced CMC and P80. Furthermore, A. muciniphila
supplementation prevented the proximal impacts of
CMC and P80 on gut microbiota that are thought to
drive low-grade chronic inflammation and metabolic
dysregulations. Specifically, A. muciniphila prevented
alterations in species composition and encroachment of
gut microbiota that were otherwise induced by CMC and
P80. Remarkably, we finally report that CMC and P80
altered the colonic transcriptome, while A. muciniphila
largely protected against these alterations.

Conclusion Daily administration of A. muciniphila
protects against the detrimental impact of emulsifiers

on both the microbiota and host. These results support
the notion that use of A. muciniphila as a probiotic can
help maintain intestinal and metabolic health amidst the
broad array of modern stresses that can promote chronic
inflammatory diseases.

INTRODUCTION

Humanity is faced with a stark increase in the
constellation of metabolic disorders referred to
as metabolic syndrome, the cardinal features of
which include obesity and insulin resistance. Meta-
bolic syndrome is associated with alterations in
gut microbiota composition.! Faecal microbiota
transplant studies in mice and humans argue that
such alterations do not merely mark, but rather
promote, dysregulated metabolism.”> While mech-
anisms by which altered microbiota promote
metabolic dysregulation are not entirely clear, the
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Previous findings reported that commonly
used dietary emulsifiers alter the intestinal
microbiota and promote chronic intestinal
inflammation and metabolic dysregulations.

= Microbiota encroachment is a central step in
emulsifier-induced detrimental consequences.

= Akkermansia muciniphila is a next-generation
beneficial probiotic able to reinforce the
intestinal barrier and prevent metabolic
dysregulations.

WHAT THIS STUDY ADDS

= A. muciniphila supplementation prevents
metabolic dysregulations that are otherwise
induced by emulsifier consumption.

= A. muciniphila prevent alterations in species
composition and encroachment of gut
microbiota that are otherwise induced by
carboxymethylcellulose and polysorbate 80.

= Dietary emulsifiers alter the colonic
transcriptome, while A. muciniphila largely
protects against these alterations.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings underlie A. muciniphila as a
therapeutic approach to protect against the
detrimental impact of emulsifiers on both the
microbiota and host.

= A. muciniphila might help to maintain intestinal
and metabolic health in the context of modern
stresses that normally promote chronic
inflammatory diseases.

inverse correlation of microbiota-epithelial distance
with extent of dysglycaemia® suggests an important
role for microbiota that encroach into the normally
near-sterile inner mucus layer, perhaps reflecting
that such encroaching bacteria promote low-grade
inflammation, which can subsequently dysregulate
metabolism.

A variety of factors can induce microbiota dysbi-
osis and encroachment, including consumption of a
high-fat low-fibre ‘western-style’ diet* and the class
of food additives known as emulsifiers.” Emulsi-
fiers are incorporated into many processed foods
to extend shelf life and improve organoleptic prop-
erties® 7 and they are suspected to be a significant
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Gut microbiota

driver of the association of consumption of ultraprocessed
foods consumption with development of chronic inflammatory
diseases.® * Some emulsifiers, for example, lecithin, are natural
dietary components, while others, including carboxymethylcel-
lulose (CMC) and polysorbate 80 (P80) are human synthetic
creations. Consumption of CMC and P80 alter gut microbiota
composition and induce microbiota encroachment in mice,
and a recent report suggests CMC acts in a similar manner in
humans.'® Such microbiota dysbiosis and encroachment associate
with chronic low-grade intestinal inflammation that manifest as
metabolic dysregulations in wild-type mice and potentiation of
colitis in mice genetically prone to this disorder.’ Studies using in
vitro microbiota models suggest that CMC and P80 may perturb
host—microbiota homeostasis as a result of their direct action on
microbiota.'! '?

The ubiquity of emulsifiers, and other additives, in
processed foods, which provide a significant portion of
human food consumption, makes avoiding these additives
challenging. Hence, as a possible countermeasure to emulsi-
fiers, we turned to the bacterium Akkermansia muciniphila,
which exhibits reduced abundance in metabolic syndrome
and, moreover, can protect against this state when exoge-
nously administered.’> " A. muciniphila fortifies the mucosal
barrier by stimulating mucus production, leading to a thicker
mucus layer under a mucus-disruptive high-fat diet' ¢
and, furthermore, by inducing production of antimicrobial
peptides such as Reg37."” Beneficial effects of A. muciniphila
can be observed when using the intact bacteria, its pasteur-
ised (but not autoclaved) form, or its outer membrane
and secreted proteins,” "% suggesting that its beneficial
properties are linked to surface/secreted molecules, rather
than its metabolic activity, including mucus digestion. A
pilot clinical study of A. muciniphila suggested benefits in
humans, including a trend towards lowered fat-mass gain
and decreased hip circumference, enhanced insulin sensi-
tivity and reductions in endotoxaemia and inflammation in
overweight subjects.?’ Thus, the goal of this study was to
investigate the potential of A. muciniphila to prevent emul-
sifier disturbance of host-microbiota homeostasis as well as
its impact on low-grade inflammation and metabolism. We
found that daily administration of A. muciniphila protects
mice from emulsifier-induced metabolic dysregulations and
the low-grade intestinal inflammation thought to drive this
state. Furthermore, A. muciniphila prevents emulsifier-
induced shifts in microbiota composition and localisation,
as well as protects against colonic transcriptome alterations.
Such ability of A. muciniphila supports its use as a counter-
measure to combat modern stressors that perturb host—
microbiota interactions to promote metabolic syndrome and
other chronic inflammatory diseases.

RESULTS

Impact of dietary emulsifier consumption on the faecal
abundance of A. muciniphila

Some dietary emulsifiers, including the synthetic compounds
CMC and P80, have the potential to disrupt host-microbiota
interactions resulting in low-grade intestinal inflammation and
dysregulated metabolism.” '* ¥ Impacts of these emulsifiers
on microbiota include numerous alterations in relative species
abundance, as well as depletion of beneficial bacteria.” '° In
accord with this notion, our analysis here of microbiota compo-
sition of emulsifier-treated mice revealed that chronic consump-
tion of either CMC or P80 significantly decreased relative faecal

abundance of A. muciniphila (figure 1A). Considering the well-
established probiotic health potential of this bacterium,'®
including its ability to fortify mucus, we hypothesised that
supplementing microbiota via exogenous administration of A.
muciniphila might counteract deleterious impacts of emulsifier
consumption.

Akkermansia muciniphila administration prevents emulsifier-
induced metabolic dysregulations

C57/Bl6 mice were exposed to water, CMC (1%) or P80 (1%)
for 9 weeks, while concomitantly treated with either phosphate
buffered saline (PBS) - vehicle or A. muciniphila by oral gavage
5days per week (figure 1B), using the #BAA-835 (ATCC) A.
muciniphila strain, isolated by Derrien et al.”® Culture purity
was confirmed, after bacteria growth, washing and aliquoting
(cf. Method section for details), via 16S rRNA gene amplifica-
tion and sequencing (online supplemental figure S1A). We subse-
quently used these verified A. muciniphila aliquots to treat mice
daily with 2.5%x10% CFU, an approach that mildly, but none-
theless significantly, increased A. muciniphila faecal relative
abundance, as assessed by qPCR approach (online supplemental
figure S1B).

As previously reported, P80 induced a greater body weight
gain in mice compared with the control group, with a similar
trend observed for CMC-treated mice (figure 1C). This body
weight gain was abrogated in mice receiving A. muciniphila, with
all A. muciniphila-treated group presenting similar final body
weights as non-emulsifier-treated control mice (figure 1D,E).
In contrast, A. muciniphila did not alter body weight in water-
treated animals (figure 1D,E, p=0.80), consistent with the
possibility that A. muciniphila was ameliorating a dysbiotic
state rather than directly impacting host metabolism. Impact
of emulsifiers on body weight were generally associated with
impact on fat pad weight, as presented figure 1F. Furthermore,
A. muciniphila administration completely abrogated CMC and
P80’s induction of overeating and hyperglycaemia (figure 1G,H).
To better evaluate the impact of A. muciniphila administration
on glucose homoeostasis, an intraperitoneal glucose tolerance
test (GTT) was performed after 8 weeks of emulsifier expo-
sure. As presented in figure 1I,J both CMC- and P80-treated
mice exhibited significant alteration in their glucose excursion
curve (figure 1I), while no differences were observed in mice
receiving A. muciniphila (figure 1]), with both CMC-treated
and P80-treated groups aligning with the water-only treated
group. Measure of areas under the curves further supported that
emulsifier-induced glucose intolerance was fully prevented with
daily administration of A. muciniphila (figure 1K). Altogether,
these data demonstrate that A. muciniphila administration was
sufficient to largely prevent emulsifier promotion of metabolic
dysregulations.

A. mucinjphila administration prevents emulsifier-induced
low-grade intestinal inflammation

The negative impacts of emulsifiers on metabolism are
thought to be driven by low-grade intestinal inflamma-
tion, which can be assayed by histopathological analysis,
measure of inflammatory markers such as lipocalin-2 (Lcn2)
and may manifest in gross morphological changes in colon
and/or spleen. Accordingly, consumption of both CMC
and P80 resulted in subtle but nonetheless histopatholog-
ically evident colon inflammation, particularly increased
numbers of inflammatory cells infiltrating the mucosa and
the submucosa (figure 2A,B, online supplemental table
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Figure 1  Akkermansia muciniphila administration prevented emulsifier-induced metabolic deregulations. (A) Relative abundance of faecal A.
muciniphila in mice chronically exposed to drinking water, CMC 1.0% or P80 1.0%. (B) Schematic representation of the experimental design. Mice
were exposed to drinking water (blue) containing 1.0% of CMC (orange) or p80 (purple) for 9 weeks, and gavaged 5 days per week with either vehicle
(sterile PBS, solid lines and bars) or A. muciniphila (A. muc., hatched lines and bars). Body weight gain over time of mice orally receiving (C) vehicle
or (D) A. muciniphila. (E) Final body weight, (F) epididymal fat pad weight, (G) daily food intake measurement and (H) 15 hours fasting blood glucose
level. (I-K) At week 8, mice were 5 hours fasted, challenged with an intraperitoneal bolus of glucose (2 g/kg of body weight). Glycaemic response
was measured after 15, 30, 60, 90, 120 min in mice receiving (I) vehicle or (J) A. muciniphila. (K) Areas under the curves obtained from the glucose
tolerance test. Data are represented as means+SEM. n=4-5. For bar graphs, statistical analyses were performed using a one-way ANOVA followed by
a Bonferroni post hoc test and significant differences were recorded as follows: *p<0.05, **p<0.01, ***p<0.001. For line charts, a two-way ANOVA
or a mixed model (if missing values) was performed, followed by a Bonferroni post hoc test, and significant differences were recorded as follows:
CMC vs water, *p<0.05, **p<0.01, ***p<0.001; P80 vs water, *p<0.05, #p<0.01, #p<0.001. Exact p values for trends (0.05<p<0.10) are recorded
on graphs for additional indication. ANOVA, analysis of variance; CMC, carboxymethylcellulose; P80, polysorbate 80.
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Figure 2 Akkermansia muciniphila administration prevents emulsifier-induced low-grade intestinal inflammation. Mice were exposed to drinking
water (blue) containing 1.0% of CMC (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with either vehicle (sterile PBS, solid bars) or
A. muciniphila (A. muc., hatched bars). (A) Representative images of (B) the histopathological score of H&E-stained colonic sections; scale bar, 100 um.
(C) Faecal lipocalin-2 (Lcn2) level at day 63, (D) weight/length ratio, (E) colon length, (F) colon weight, and (G) spleen weight. Data are represented as
means+SEM. n=4-5. Statistical analyses were performed using a one-way ANOVA followed by a Bonferroni post hoc test and significant differences
were recorded as follows: *p<0.05, **p<0.01, ***p<0.001. Exact p values for trends (0.05<p< 0.10) are recorded on graphs for additional
indication. ANOVA, analysis of variance; CMC, carboxymethylcellulose; P80, polysorbate 80.
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S1). Other indices of inflammation were more variable in
that P80 also induced elevations in faecal Len2 and colon
weight/length ratio, while CMC induced mild splenomegaly
(figure 2C-G). A. muciniphila by itself did not significantly
impact these parameters in water-treated mice. However,
induction of low-grade inflammation by both CMC and
P80 was abrogated by administration of A. muciniphila,
suggesting this bacterium may broadly prevent negative
impacts of emulsifiers.

A. mucinfphila administration prevents emulsifier-induced
alterations in microbiota composition

The impacts of emulsifiers on intestinal microbiota play a central
role in promoting intestinal inflammation and its downstream
consequences.’ ! Hence, we next examined the extent to which
A. muciniphila might ameliorate emulsifier-induced changes in
gut microbiota composition. Use of 16S sequencing followed by
principal coordinate analysis (PCoA) of the unweighted Unifrac
distances revealed that mice used here had homogeneous base-
line microbiotas prior to the start of treatment (day 0, figure 3A).
In contrast, such analysis showed that 7 weeks exposure to CMC
or P80 resulted in clear treatment-based microbiota clustering
(day 49, figure 3A,B) indicating that both CMC and P80 mark-
edly shifted microbiota composition. This clear alteration in
microbiota composition was confirmed by quantification of the
unweighted Unifrac distance, exhibiting highly significant impact
of CMC and P80 consumption on microbiota composition
compared with water-treated mice (figure 3C,D). A. muciniphila
administration, by itself, also clearly impacted microbiota compo-
sition with a clear distinct clustering (figure 3B) and a significant
increase in unweighted Unifrac distance separating mice from
these two groups (figure 3D), while no effect was observed on
the microbiota alpha diversity (figure 3E). However, consump-
tion of CMC and P80 amidst A. muciniphila administration had
only slight impacts on microbiota composition. Specifically, all
A. muciniphila-treated groups were observed to tightly cluster
together, irrespective of emulsifier treatment while measure of
unweighted Unifrac distance showed slight shifts that were much
less than that induced by CMC and P80 in the absence of A.
muciniphila, thus demonstrating that A. muciniphila almost fully
prevented microbiota disturbances that were otherwise induced
by consuming these emulsifiers. Finally, to ensure A. muciniphila-
based clustering was not solely due to its DNA being excreted
in faeces, unweighted Unifrac was computed after removing all
Qiime2-generated amplicon sequence variants (ASVs) related to
the Verrucomicrobia phylum (online supplemental figure S2).
This approach had no impact on the above-described clustering,
indicating that daily A. muciniphila had impacted the intestinal
microbiota composition independently of its own phylum.

We next performed MaAsLin2 (Microbiome Multivariable
Associations with Linear Models) analysis to identify features
which are the more significantly impacted by emulsifier consump-
tion (online supplemental figure S3), by comparing water-treated
animals to CMC-treated or P80-treated animals.*' Among those,
2 belonged to the Allobaculum genus (online supplemental figure
S3A,B), 2 to the Clostridiaceae family (online supplemental
figure S3C,D), 10 to the S24-7 family (online supplemental
figure S3E-N), 2 to the Rikenellaceae family (online supple-
mental figure S30-P) and the rest to the Turicibacter, Prevotella,
Odoribacter genera and Ruminococcaceae family (online supple-
mental figure S3Q-T). Interestingly, A. muciniphila administra-
tion prevented emulsifier consumption-induced alteration of
most of these taxa, while only few differences were not restored

to baseline (water-treatment) levels in the context of daily A.
muciniphila. For example, various members of belonging to
S24-7 family were significantly increased by CMC and P80
consumption. In contrast, these OTUs were not altered by CMC
or P80 amidst daily administration of A. muciniphila (online
supplemental figure S3E-I). Moreover, we observed disap-
pearance of a Prevotella-related feature in emulsifier-treated
mice, while A. muciniphila administration fully prevented such
depletion (online supplemental figure S3R). Hence, these data
demonstrate that A. muciniphila is having a marked impact on
intestinal microbiota composition that makes microbiota refrac-
tory to emulsifier-induced alterations.

A. muciniphila administration prevents emulsifier-induced
intestinal abnormalities and microbiota encroachment

Some changes in microbiota composition, including those
induced by CMC and P80, can impact levels of proinflammatory
agonists such as flagellin and LPS.® Thus, we next measured func-
tional levels of these agonists in faeces via use of TLRS and TLR4
reporter cells. While a trend of emulsifiers resulting in elevated
flagellin (FliC) and LPS was observed, it did not reach statis-
tical significance (online supplemental figure S4A,B). Guided
by previous studies,””>* we sought colonic morphological
alterations in animals consuming CMC and P80, and observed
a decreased number of goblets cells per crypt (figure 4A,B). In
contrast, animals receiving daily A. muciniphila administration
were fully protected against emulsifier’s impact on goblet cells.
Moreover, while emulsifier consumption alone was not sufficient
to impact colonic crypt anatomy, A. muciniphila-treated mice
exhibited increased crypt depth (figure 4A-C), as previously
described.””** Another consequence of emulsifier consumption
is to induce microbiota to penetrate the mucus later manifesting
as a decrease in the epithelium/microbiota distance.” "' *° Such
microbiota encroachment is hypothesised to play a central role
in emulsifier-induced chronic low-grade intestinal inflammation
and metabolic dysregulations through the activation of various
innate and adaptive immune signalling. Hence, we next exam-
ined microbiota encroachment by measuring the distance sepa-
rating microbiota members from the surface of the epithelium
using confocal imaging of Carnoy-fixed colon specimen. This
approach recapitulated reports that both CMC or P80 consump-
tion induce microbiota encroachment, with the average bacteria/
epithelium being reduced from 13.80 um in water-treated mice
to 4.75 um in CMC-treated mice (p<0.001) and 5.55um in
P80-treated mice (<0.001) (figure 4D,E). Such microbiota
encroachment was not associated with any impact on circu-
lating immunoreactivity towards FliC and LPS (online supple-
mental figure S4C,D). A. muciniphila administration by itself
did not alter bacterial-epithelial distance but, remarkably, A.
muciniphila administration fully prevented emulsifier-induced
microbiota encroachment, with distances of 14.21 um, 13.56 um
and 12.99 um being observed in water-treated, CMC-treated
and P80-treated groups, respectively (figure 4D,E). Thus, A.
muciniphila prevents emulsifier-induced microbiota encroach-
ment, which is a cardinal feature of gut inflammation.

A. muciniphila administration prevented emulsifier-induced
alteration of the colonic transcriptome

We next examined the extent to which A. muciniphila amelio-
ration of emulsifier-induced changes in microbiota composition
would impact on intestinal gene expression. We performed
untargeted RNA-seq analysis to identify the impact of emulsifier
consumption on colonic gene expression, as well as the potential
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Figure 3  Akkermansia muciniphila administration dampens emulsifier-induced alterations in microbiota composition. Mice were exposed to
drinking water (blue) containing 1.0% of CMC (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with either sterile vehicle (sterile
PBS, solid bars) or A. muciniphila (A. muc., hatched bars). Bacterial DNA was extracted from faeces collected at days 0 and 49 and subjected to 165
rRNA gene sequencing. (A, B) Principal coordinates analysis (PcoA) of the unweighted Unifrac matrix of microbiota assessed by 16S rRNA gene
sequencing at days (A) 0 and (B) 49. Each dot represents an individual animal and is colour coded (blue, water; orange, CMC; purple, P80, light blue,
water—A. muciniphila; light orange, CMC—A. muciniphila; light purple, PB0—A. muciniphila). (C, D) Unweighted Unifrac distance separating mice
from different groups at (C) day 0 and (D) day 49. (E) Shannon alpha-diversity index at day 49. Data are represented as means+SEM. n=10-25

for the Unweighted Unifrac metric, and n=4-5 for the Shannon index. Statistical analyses were performed using a one-way ANOVA followed by a
Bonferroni post hoc test and significant differences were recorded as follows: *p<0.05, **p<0.01, ***p<0.001. ANOVA, analysis of variance; CMC,

carboxymethylcellulose; P80, polysorbate 80.

modulatory role played by A. muciniphila supplementation. As
revealed by PCoA of the Bray Curtis distance using the entire
RNA-seq dataset, we observed that both CMC and P80 consump-
tion significantly impacted the colonic transcriptome (figure SA,
Permanova p=0.048), with CMC and P80 significantly altering
expression of 351 and 478 genes, respectively (figure 5B,C,
Cuffdiff cut-off gq-value<0.05). We also observed an effect of
A. muciniphila administration on colonic gene expression of

water-only treated mice, with 296 significantly altered genes
(online supplemental figure S5A), concurring with previous
observations.?® 2 Moreover, A. muciniphila supplementation
drastically reduced, but not completely abrogate, emulsifier-
induced transcriptome alteration (figure 5D and online supple-
mental figure S5) (Permanova p=0.430) (figure SE). Deeper
analysis of differentially expressed genes (DEGs) revealed
that CMC and P80 induced shared and compound-specific
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Figure 4 Akkermansia muciniphila administration prevents emulsifier-induced intestinal abnormalities and microbiota encroachment. Mice

were exposed to drinking water (blue) containing 1.0% of CMC (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with either
vehicle (sterile PBS, solid bars) or A. muciniphila (A. muc., hatched bars). Colon was subjected to immunostaining paired with fluorescent in situ
hybridisation (FISH) followed by confocal microscopy analysis of microbiota localisation. (A, B) Colonic sections were stained with Alcian blue, and
17-23 crypts (3-5 per colonic sections) were randomly selected per animal to determine goblet cell number per crypt (A) as well as crypt depth

(B). (C) Representative pictures obtained from 5 biological replicates, Alcian blue staining. Scale bar, 100 ym. (D) Distances of closest bacteria to
intestinal epithelial cells (IEC) per condition over five high-powered fields per mouse. (E) Representative pictures obtained from 5 biological replicates,
microbiota and mucus staining. n=4-5. MUC2, green; actin, purple; bacteria, red; and DNA, blue. Scale bar, 50 um. Statistical analyses were performed
using a one-way ANOVA followed by a Bonferroni post-hoc test and significant differences were recorded as follows: **p<0.01, ***p<0.001. ANOVA,

analysis of variance; CMC, carboxymethylcellulose; P80, polysorbate 80.

alterations, with 202 genes impacted by CMC, 329 genes
impacted by P80, and 149 genes impacted by both emulsifiers
(figure 5B, online supplemental figure 5B,C, online supple-
mental tables S2 and S3). Interestingly, based on the number of
variables studied and the percentage of impacted genes, only 8
common genes, instead of 149, should have been observed if

CMC and P80 were impacting colon gene expression through
independent mechanism, supporting that these two compounds
drive common alterations—Tlikely related to mucosal inflamma-
tion. This was further supported by PCoA of the Bray Curtis
distances focusing on these genes, which displayed strong differ-
ential clustering between water-treated and emulsifier-treated
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Figure 5 Akkermansia muciniphila administration prevented emulsifier-induced alteration of the colonic transcriptome. Mice were exposed to
drinking water containing 1.0% of CMC or P80 for 9 weeks, and gavaged 5 days per week with either sterile PBS or A. muciniphila (A. muc.). Colon
RNA was extracted and subjected to NextSeq sequencing. (A) Principal coordinates analysis (PCoA) of the Bray-Curtis distance matrix of the colonic
transcriptome (all genes included) with dot coloured by treatment (water=blue; CMC=orange; P80=purple). Bray-Curtis distance separating samples
from various group is also presented. (B) Venn diagram presenting the number of genes with significantly altered expression induced by CMC (orange)
and/or P80 (purple). (C) PCoA of the Bray-Curtis distance matrix of the colonic transcriptome (all genes included) with dot coloured by treatment
(water—A. muciniphila=light blue; CMC—A. muciniphila=light orange; P80—A. muciniphila=light purple). Bray-Curtis distance separating samples
from various group is also presented. (D) Venn diagram presenting the number of genes with significantly altered expression induced by CMC
(orange) and/or P80 (purple) in A. muciniphila-treated groups. (E) Heatmaps representing altered pathways/functions for CMC versus water and P80
versus water comparisons. PERMANOVA p values are indicated in the bottom of each PCoA. CMC, carboxymethylcellulose; P80, polysorbate 80.

groups along PC1, and to a less extent between CMC and P80
groups along PC2 (online supplemental figure S5F, Permanova
p=0.006). Moreover, A. muciniphila supplementation fully
prevented this clustering, as presented online supplemental
figure S5G (Permanova p=0.150), indicating that A. muciniphila

administration was able to counteract both CMC-induced and
P80-induced transcriptomic alterations.

At the functional level, the DEGs altered in response to emul-
sifiers comprise an array of functions including inflammatory
(macrophage markers, antigen processing and presentation,
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interleukin-7 and interleukin-27 signalling pathways, regulation
of response to cytokine stimulus) and metabolic (unsaturated
fatty acid metabolic process, regulation of lipid metabolic process
secretion) processes (figure SC and online supplemental figure
S6). That daily A. muciniphila administration restored basal
levels of expression for these genes and processes, as presented
online supplemental figure S6, S7, further supported the notion
that this bacterium promotes a healthy mucosal environment in
contexts that normally associate with chronic intestinal inflam-
mation and metabolic dysregulation.

DISCUSSION

Microbiota dysbiosis is thought to play a central role in driving
intestinal inflammation and, consequently, numerous chronic
inflammatory diseases.”® *° Features of microbiota dysbiosis
include alterations in species composition with depletion of
beneficial bacteria as well as microbiota encroachment, which
is defined by increased bacterial penetrance into the normally
near-sterile inner mucus layer.’® Such encroaching microbiota
are thought to play an outsize role in driving gut inflamma-
tion.®>® While there are likely a broad array of underlying causes
for microbiota dysbiosis and encroachment, the increased
incidence of chronic inflammatory diseases supports a major
role for environmental (ie, non-genetic) determinants.*® For
example, we and others have shown that consumption of
dietary emulsifiers can induce altered microbiota composition
and encroachment that most commonly results in low-grade
inflammation and metabolic syndrome.’ '* % 3132 Here, we
examined a possible means of preventing such emulsifier-
induced phenotypes, namely via direct administration of the
mucus-fortifying bacteria A. muciniphila, which is depleted
in metabolic syndrome and other chronic inflammatory
diseases.* ¢ We observed that endogenous A. muciniphila was
depleted by emulsifiers, while administration of exogenous A.
muciniphila fully prevented emulsifier impacts on microbiota
and host. Specifically, the stark impacts of both CMC and P80
on microbiota composition, microbiota localisation, colon
gene expression, inflammatory indices and metabolism were
all absent in A. muciniphila-treated mice. Thus, A. muciniphila
administration may be one means to avoid detrimental conse-
quences of emulsifier consumption.

First isolated in 2004 by Derrien et al,’® this bacterium,
present in mice and humans, has subsequently gained attention
with the observation of its ability to prevent metabolic dysregu-
lations in both preclinical and clinical studies.'®'*2° Mechanisms
by which A. muciniphila benefits these disorders have not been
entirely elucidated yet, but are thought to involve the ability of
this mucus-loving bacterium to stimulate mucus production,
potentially through its ability to digest it, but also most likely,
by upregulating host defenses and mucus secretion via surface
and/or secreted molecules, thus speeding mucus turnover,
and potentially fortifying it."” *” The mechanism by which A.
muciniphila protects the intestine from emulsifiers remains to be
defined but might involve membrane-associated Amuc_100,"” **
secreted P9, membrane-associated phospholipid diacyl phos-
phatidylethanolamine,’” and/or the ADP-heptose-like molecule,
recently identified as being released by A. muciniphila with the
ability to modulate the NF-kB signalling pathway.** Moreover,
accumulating evidence suggest that A. muciniphila interaction
with the host involves TLR2-signalling pathways'” *” as well as
modulation of IL10 and IL22 cytokines.*' ** Thus, future studies
to identify the mechanism at play during protection against
emulsifier-induced metabolic deregulations are warranted.*

The current study, together with previous reports that emul-
sifier can directly impact in vitro human microbiota,'" '* led us
to hypothesise that A. muciniphila might prevent emulsifier-
induced microbiota encroachment and its impacts on inflam-
mation and metabolism without a direct impact on microbiota
composition. However, A. muciniphila also surprisingly appears
to prevent emulsifier-induced changes of microbiota composi-
tion. Hence, a possible explanation for our results is that the
primary mechanism of action for A. muciniphila is indeed
through the fortification of the mucus barrier, as suggested by
its ability to reverse emulsifier-induced depletion in colonic
goblet cells, and that, in vivo, altered microbiota composition
is a consequence of encroachment-induced inflammation rather
than the reflection of a direct emulsifier-microbiota interaction,
which had been suggested by our in vitro studies. However,
arguing against this possibility, we did not observe alteration in
mucus gene expression in response to A. muciniphila, by itself
or in presence of emulsifiers. Therefore, we propose an alter-
nate and/or additional potential mechanism of A. muciniphila
action. Specifically, we postulate that A. muciniphila might act
directly on microbiota, shifting its composition to one that is
resistant to emulsifier’s perturbation. Indeed, our data accords
with this suggested mechanism, but further studies are needed to
understand how A. muciniphila can possibly protect microbiota
against emulsifiers. We envision use of ex vivo colonic explants
to study the dynamic of mucus secretion and function,** which,
together with, longitudinal investigation of microbiota compo-
sition evolution during A. muciniphila supplementation, will
elucidate impact of this probiotic on the mucus—-microbiota rela-
tionship. Furthermore, it remains important to investigate the
specificity of A. muciniphila-mediated protection by analysing
the impacts of other commensal bacteria. This includes other
microbiota members that are detrimentally impacted by emul-
sifier exposure, such as Bifidobacterium, Prevotella and Faecali-
bacterium,’ '* as well as bacterium with the ability to modulate
mucus layer homoeostasis, such as Bacteroides thetaiotaomi-
cron.® Collectively, we anticipate these studies will yield mech-
anistic understanding of how A. muciniphila protects against
dietary emulsifier consumption.

While this study primarily focused on A. muciniphila, in the course
of studying its action, we also performed the first non-targeted
study of emulsifier-induced microbiota encroachment impacts on
colon transcriptome via RNA-seq analysis. This approach revealed
profound host response induced by both emulsifiers, and while
229% of the deregulated genes were common between CMC-treated
and P80-treated mice, 78% were specific to only one compound,
supporting our previous observations that these two emulsifiers
act through both common and specific mechanisms on the host—
microbiota interface. Further in-dept characterisation of emulsifier-
induced intestinal inflammation await investigation. For example,
use of flow cytometry for immune cell phenotyping and/or single cell
RNA-sequencing approaches to investigate the impact of emulsifier
consumption on the transcriptome at the cell level should lead to a
better understanding of the host response to emulsifier consumption,
as well as the impact of A. muciniphila administration in this context.

While emulsifier-induced metabolic dysregulation serves as a
tractable model to potential means of remediating dysbiosis, the
protection afforded by A. muciniphila in this model may prove
broadly applicable to other triggers of inflammation. Indeed,
while CMC and P80 promote metabolic dysregulations in WT
mice, they increase incidence and severity of colitis and cancer
in mice genetically predisposed to these disorders.’ ¥ % Regard-
less of what mechanism is ultimately ascribed to A. muciniphila’s
protection against emulsifier-induced metabolic dysregulations,
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we predict it would likely extend to these other disorders. More-
over, we report here that similar protection was conferred by
A. muciniphila on CMC or P80 exposure, both of which are
non-metabolisable*® *’ and act on the intestinal microbiota via
different mechanisms,'" suggesting that the protection observed
is not compound-specific. It nonetheless remains necessary to
investigate the ability of A. muciniphila supplementation to
protect against other additives, such as carrageenan emulsifier
found to have a stark detrimental impact on microbiota composi-
tion and proinflammatory potential.'* Similarly, we would antic-
ipate that either a more stable microbiota and/or a more rapidly
renewing mucus layer might offer protection against a variety
of modern stressors that might otherwise induce microbiota
dysbiosis and, consequently, inflammation. This view accords
with findings by Cani's laboratory and collaborators, founding
that live or pasteurised A. muciniphila ameliorated metabolic
parameters not only in mice but also in a small proof-of concept
clinical trial in which the underlying metabolic syndrome of the
study subjects can be presumed to have resulted from a variety
of multifactorial underlying causes.'®™® 2° That said, given the
increasing recognised associations of consumption of ultrapro-
cessed foods, which often contain multiple emulsifiers, we posit
that consumers of such foods would be particularly likely to
benefit from A. muciniphila supplementation. While designing
a practical strategy to deliver such protection will require better
understanding of underlying mechanism, it may ultimately prove
to be a means of mitigating some of the negative aspects of these
foods.

MATERIAL AND METHODS

Materials

Sodium CMC (average MW ~250000) and P80 were purchased
from Sigma (Sigma, St. Louis, MO). A. muciniphila previously
isolated by Derrien et al”® was purchased from ATCC (Reference
#BAA-835). Following ATCC recommendation, A. muciniphila was
grown in Brain Heart Infusion broth for 72hours at 37°C under
strict anaerobic conditions. Bacteria were then pelleted by centrifu-
gation 15 min at 4500g, washed twice in sterile PBS, and aliquoted
at 6.32x10% bacteria per mL (determined by serial dilution and plat-
ting on Brain Heart Infusion agar plates) before storage at —80°C.
The purity of the obtained aliquot was determined by bacterial DNA
extraction and 16S rRNA gene sequencing, revealing the absence
of environmental contamination in the A. muciniphila suspension
(online supplemental figure S1A).

Mice

The 5-6week-old wild-type C57BL/6 male mice were purchased
from The Jackson Laboratory (Reference # 000664). Mice were
randomly grouped housed (n=35 per cage) at Georgia State Univer-
sity under institutionally approved protocol (Institutional Animal
Care and Use Committee No A18006) and kept on LabDiet rodent
chow diet #5001 ad libitum and reverse-osmosis treated Atlanta
city water ad libitum. Mice were exposed to water (control group,
N=10), CMC (N=10) or P80 (N=10) diluted in the drinking water
(1.0%w/v and v/, respectively) for 9 weeks, with solutions changed
every week. For each group, half of the mice (n=5) were treated
Sdays per week with 400uL of sterile PBS (vehicle) and half of
the mice (N=5) were treated 5days per week with 400uL of PBS
containing 2.528 x 10 colony-forming units of A. muciniphila. Body
weights were measured every week. Food intake was measured twice
during the same week by placing groups of mice in a clean cage with
a known amount of food, for 24 hours, at which point the remaining
food was weighted. Food consumption was expressed as gram per

mouse per 24hours. Fresh faeces were collected at days 0, 49 and
63 for downstream analysis. After 9 weeks of treatment (day 63),
mice were euthanised, and one side of the epididymal fat pad weight,
spleen weight, colon weight and colon length were measured.
Tissues were collected for downstream analysis, as detailed below.
The detailed experimental design is represented in figure 1B.

Fasting blood glucose measurement

After 5 weeks of treatment, mice were placed in a clean cage and
fasted for 15 hours. Blood glucose concentration was then deter-
mined using a Nova Max Plus Glucose Metre and expressed in mg/
dL.

Oral GTT

After 8 weeks of treatment, mice were 15hours fasted and
underwent a GTT. A bolus of glucose (2g/kg of body weight)
was intraperitoneally administered to the animals and glycaemia
was recorded before the glucose challenge and after 15, 30, 60,
90, 120 min using a Nova Max plus Glucose metre.

Quantification of faecal lipocalin-2 (Lcn-2) by ELISA

For quantification of faecal Len-2 by ELISA, frozen faecal
samples were reconstituted in PBS containing 0.1% Tween 20 to
a final concentration of 100 mg/mL and vortexed for 20 min to
get a homogeneous faecal suspension.*® These samples were then
centrifuged for 10min at 14 000g and 4°C. Clear supernatants
were collected and stored at —20°C until analysis. Len-2 levels
were estimated in the supernatants using Duoset murine Len-2
ELISA kit (R&D Systems, Minneapolis, Minnesota, USA) using
the colorimetric peroxidase substrate tetramethylbenzidine, and
optical density was read at 450 nm (Versamax microplate reader).

Microbiota analysis by 16S rRNA gene sequencing using
illumina technology

Microbiota analyses were performed before (day 0) and after (day
49) dietary emulsifier exposure. A. muciniphila relative abundance
presented figure 1A were measured in a previous protocol, following
16 weeks of dietary emulsifier exposure. 16S rRNA gene amplifica-
tion and sequencing were done using the [llumina MiSeq technology
following the protocol of Earth Microbiome Project with their modi-
fications to the MOBIO PowerSoil DNA Isolation Kit procedure for
extracting DNA  (https://press.igsb.anl.gov/earthmicrobiome).* >
Bulk DNA was extracted from frozen faeces using a PowerSoil-htp kit
from MoBio Laboratories (Carlsbad, California, USA) with mechan-
ical disruption (bead-beating). The 16S rRNA genes, region V4,
were PCR amplified from each sample using a composite forward
primer and a reverse primer containing a unique 12-base barcode,
designed using the Golay error-correcting scheme, which was used to
tag PCR products from respective samples’®). We used the forward
primer 515F 5°- AATGATACGGCGACCACCGAGATCTACACGCT
XXXXXXXXXXXXTATGGTAATTGTGTGYCAGCMGCCGC-
GGTAA-3’: the italicised sequence is the 5” Illumina adaptor, the 12
X sequence is the golay barcode, the bold sequence is the primer pad,
the italicised and bold sequence is the primer linker, and the under-
lined sequence is the conserved bacterial primer S1SE. The reverse
primer 806R used was 5-CAAGCAGAAGACGGCATACGAGAT
AGTCAGCCAGCCGGACTACNVGGGTWTCTAAT-3": the itali-
cised sequence is the 3’ reverse complement sequence of Illumina
adaptor, the bold sequence is the primer pad, the italicised and bold
sequence is the primer linker and the underlined sequence is the
conserved bacterial primer 806R. PCR reactions consisted of Hot
Master PCR mix (Quantabio, Beverly, Massachusetts, USA), 0.2mM
of each primer, 10-100ng template and reaction conditions were
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3min at 95°C, followed by 30 cycles of 45 s at 95°C, 60s at 50°C and
90s at 72°C on a Biorad thermocycler. PCRs products were purified
with Ampure magnetic purification beads (Agencourt, Brea, Cali-
fornia, USA), and visualised by gel electrophoresis. Products were
then quantified (BIOTEK Fluorescence Spectrophotometer) using
Quant-iT PicoGreen dsDNA assay. A master DNA pool was gener-
ated from the purified products in equimolar ratios. The pooled
products were quantified using Quant-iT PicoGreen dsDNA assay
and then sequenced using an Illumina MiSeq sequencer (paired-end
reads, 2x250bp) at Cornell University, Ithaca.

16S rRNA gene sequence analysis

16S rRNA sequences were analysed using QIIME2—version 2019.°!
Sequences were demultiplexed and quality filtered using the Dada2
method*® with QIIME2 default parameters in order to detect and
correct Illumina amplicon sequence data, and a table of Qiime 2
artefact was generated. A tree was next generated, using the align-
to-tree- mafft-fasttree command, for phylogenetic diversity analyses,
and alpha and beta diversity analyses were computed using the core-
metrics-phylogenetic command. PCoA plots were used to assess
the variation between the experimental group (beta diversity). For
taxonomy analysis, features were assigned to operational taxonomic
units (OTUs) with a 99% threshold of pairwise identity to the Green-
genes reference database 13_8.>* Unprocessed sequencing data are
deposited in the Genome Sequence Archive (GSA) in BIG Data
Centre, Beijing Institute of Genomics, Chinese Academy of Sciences,
under accession number XXXXX, publicly accessible at http://bigd.
big.ac.cn/gsa.

Quantitative PCR analysis

Bacterial DNA was extracted from serially diluted A. muciniphila
stock using the QIAamp Fast DNA Stool Mini kit, following manu-
facturer instruction (Qiagen). Quantitative PCR was subsequently
performed on a LigthCycler 480 instrument (Roche Molecular
Systems) on DNA from serially diluted A. muciniphila stock, as
well as on DNA extracted from faecal samples collected at day 28.
The QuantiFast SYBR Green PCR kit (Qiagen) was used with the
following A. muciniphila-specific primers: forward A. muciniphila,
CAGCACGTGAAGGTGGGGAC, reverse A. muciniphila, CCTTG-
CGGTTGGCTTCAGAT, as previously reported.'® Results are
expressed in A. muciniphila /mg faeces based on a standard curve
obtained from the serially diluted A. muciniphila stock.

Staining of colonic tissue and histopathologic analysis
Mouse proximal colons were placed in methanol-Carnoy’s fixative
solution (60% methanol, 30% chloroform, 10% glacial acetic acid)
for a minimum of 3 hours at room temperature and stored at 4°C.
Tissues were then washed in methanol 2x30min, absolute ethanol
2X15min, ethanol/xylene (1:1) 15min and xylene 2X15min,
followed by embedding in Paraffin with a vertical orientation.
Tissues were then sectioned at 4 pm thickness. For histological score,
slides were stained with H&E using standard protocols. Images were
acquired using a Lamina Slide Scanner (Perkin Elmer) at the Hist’'IM
platform (INSERM U1016, Paris, France). Histological scoring
(ranging from 0 to 36) was blindly determined on each colon as
previously described.*® ** Briefly, each colon was assigned four scores
based on the degree of epithelial damage and inflammatory infiltrate
in the mucosa, submucosa and muscularis/serosa.’* Each of the four
scores was multiplied by a coefficient 1 if the change was focal, 2 if
it was patchy and 3 if it was diffuse* and the 4 individual scores per
colon were added.

Colonic sections (4 um) were also stained with Alcian Blue,
preferentially staining mucopolysaccharides, and 17-23 crypts

(3=5 per colonic sections) were randomly selected per animal
to determine goblet cell number per crypt as well as crypt
depth.

Statistical analysis
Data are expressed as means+SEM and statistical analyses were
performed using GraphPad Prism software (V.8). Significance
was determined using a one-way analysis of variance (ANOVA),
followed by a Bonferroni post hoc test for bar graphs and noted
as follows: *p<0.05, **p<0.01, ***p<0.001. For data collected
at different timepoints in line chart form, a two-way repeated
measures ANOVA or a mixed-effects model (if missing values)
with a Bonferroni post hoc test was performed and significance
was noted as follows: CMC vs water, *p<0.05, **p<0.01,
*#%5<0.001; P80 vs water, p<0.05, **p<0.01, **#p<0.001.
Results were considered significant at p<0.05. For statistical
analysis of microbiota data, the 20 most significantly differ-
entially abundant features were identified using Microbiome
Multivariable Associations with Linear Models (MaAsLin 2).2!
Threshold for Volcano plots was set at ¢<0.035.

Please see online supplemental material for Supplementary
Methods.
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Supplementary Figure 1. Inoculum purity and impact of daily gavage on A. muc. fecal relative abundance. (A) Purity of the
obtained in vitro bacterial stock was determined by bacterial DNA extraction, 16S rRNA gene sequencing, and Greengenes
taxonomic assignment. (B) Fecal abundance was measured by qPCR in fecal DNA extraction from days 0 and 28 samples.
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Supplementary Figure 2. A. muc. administration prevents emulsifier-induced alterations in microbiota composition. Principal
coordinates analysis (PCoA) of the unweighted Unifrac matrix of microbiota assessed by 16S rRNA gene sequencing at days (A) 0
and (B) 49 after removing all Qiime2-generated ASVs related to the Verrucomicrobia phylum. Each dot represents an individual
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3. A. muc. administration prevents dietary emulsifiers-induced microbiota alterations. Mice were
exposed to drinking water (blue) containing 1.0% of CMC (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with
either sterile PBS (solid bars) or A. muc. (hatched bars). Fecal DNA was extracted at days 0 and 49 and subjected to 16S rRNA
gene amplification and sequencing. The 20 most significantly differentially abundant features were identified using Microbiome
Multivariable Associations with Linear Models (MaAsLin 2) and belonged to the (A-B) Allobaculum genus, (C-D) Clostridiaceae
family, (E-N) S24-7 family, (O-P) Rikenellaceae family, (Q) Turicibacter genus, (R) Prevotella genus, (S) Odoribacter genus and (T)
Ruminococcaceae genus. Data are represented as means = SEM. n=4-5. Statistical analyses were performed using MaAsLin 2. P-
values of interest were directly recorded on graphs and significant differences are highlighted in bold.
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Supplementary Figure 4. Dietary emulsifiers and A. muc. administration impact on the intestinal environment. Mice were
exposed to drinking water (blue) containing 1.0% of CMC (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with
either sterile PBS (solid bars) or A. muc. (hatched bars). Feces were collected at day 63 and (A) lipopolysaccharide (LPS) and (B)
flagellin were measured using TLR4 and TLR5 reporter cells. Serum was collected at euthanasia and (C) anti-lipopolysaccharide
(LPS) and (D) anti-flagellin 1gG were measured. Data are represented as means + SEM. n=4-5. Statistical analyses were performed
using a one-way ANOVA followed by a Bonferroni post-hoc test and significant differences were recorded as follows: *p<0.05,
*%<0.01.
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Supplementary Figure 5. A. muc. administration prevents emulsifier-induced alteration of the colonic transcriptome. Mice were
exposed to drinking water containing 1.0% of CMC or P80 for 9 weeks, and gavaged 5 days per week with either sterile PBS or A.
muc. Colon RNA was extracted and subjected to NextSeq sequencing. (A) Principal coordinates analysis (PCoA) of the Bray-Curtis
distance matrix of the colonic transcriptome (all genes included) with dot colored by treatment (water = blue; water — A. muc. =
light blue). (B-C) Colonic transcriptome at the gene level was visualized on volcano plots for CMC vs. water (B) and P80 vs. water
(C) comparisons. For each gene, the difference in abundance between the two groups is indicated in Log2 fold change on the x-
axis (with positive values corresponding to an increase in emulsifier-treated group compared with water-treated group, and
negative values corresponding to a decrease in emulsifier-treated group compared with water-treated group), and significance
between the two groups is indicated by -log10 g-value on the y-axis. (D-E) Colonic transcriptome at the gene level was visualized
on volcano plots for CMC — A. muc. vs. water — A. muc. (D) and P80 — A. muc. vs. water — A. muc. (E) comparisons. (F-G) PCoA of
the Bray-Curtis distance matrix for the genes with significantly altered expression induced by CMC and/or P80 with dot colored by
treatment (water = blue; CMC = orange; P80 = purple; water — A. muc. = light blue; CMC — A. muc. = light orange; P80 — A. muc. =
light purple). PERMANOVA p-values are indicated in the bottom of each PCoA.
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Supplementary Figure 6. Impact of emulsifier consumption and A. muc. treatment on the colonic transcriptome. (A) Overview
of the number of genes with significantly increased expression following CMC or P80 consumption, with purple lines linking
identical genes between CMC and P80 conditions. (B) Heatmaps listing overrepresented pathways / functions for CMC vs. Water
and P80 vs. Water comparisons. (C) Overview of the number of genes with significantly decreased expression following CMC or
P80 consumption, with purple lines linking identical genes between CMC and P80 conditions. (D) Heatmaps listing
underrepresented pathways / functions for CMC vs. Water and P80 vs. Water comparisons. (E) Overview of the number of genes
with significantly increased expression following CMC or P80 consumption in A. muc.-treated groups, with purple lines linking
identical genes between CMC and P80 conditions. (F) Heatmaps listing overrepresented pathways / functions for CMC — A. muc.
vs. Water — A. muc. and P80 — A. muc. vs. Water — A. muc. comparisons. (G) Overview of the number of genes with significantly
decreased expression following CMC or P80 consumption in A. muc.-treated groups, with purple lines linking identical genes
between CMC and P80 conditions. (H) Heatmaps listing underrepresented pathways / functions for CMC — A. muc. vs. Water — A.
muc. and P80 — A. muc. vs. Water — A. muc. comparisons.
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CA1

Supplementary Figure 7: Impact of emulsifier consumption and A. muc. treatment on colonic transcriptome. (A) Heatmap of
genes with an altered expression induced by CMC consumption and for which A. muc. administration prevents such difference.
(B) Heatmap of genes with an altered expression induced by P80 consumption and for which A. muc. administration prevents
such difference. Hierarchical clustering was performed based on gene expression and Spearman rank correlations. W: water; C:
CMC, WA: Water — A. muc.; CA: CMC — A. muc.; PA: P80 — A. muc..
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Supplementary Material

Supplementary Methods

Fecal flagellin and lipopolysaccharide load quantification

Levels of fecal bioactive flagellin and lipopolysaccharide (LPS) were quantified as
previously described [1] using human embryonic kidney (HEK)-Blue-mTLR5 and HEK-
BluemTLR4 cells, respectively (Invivogen, San Diego, CA, USA) [1]. Fecal material was
resuspended in PBS to a final concentration of 100 mg/mL and homogenized for 10 s using a Mini-
Beadbeater-24 without the addition of beads to avoid bacteria disruption. Samples were then
centrifuged at 8000 g for 2 min and the resulting supernatant was serially diluted and applied on
mammalian cells. Purified E. coli flagellin and LPS (Sigma-Aldrich) were used for standard curve
determination using HEK-Blue-mTLRS and HEK-Blue-mTLR4 cells, respectively. After 24 h of
stimulation, the cell culture supernatant was applied to QUANTI-Blue medium (Invivogen) and

the alkaline phosphatase activity was measured at 620 nm after 30 min.

Serum immunoreactivity to LPS and flagellin
Serum immunoreactivity to LPS and flagellin were examined by ELISA as described
previously[2]. High-binding ELISA plates were coated overnight with purified flagellin (100
ng/well; SRP8029-10UG, Sigma) or LPS (2 pg/well; from E. coli 0128: B12, Sigma) in 9.6 pH
bicarbonate buffer. Sera were diluted 1:100 and added to wells coated with flagellin or LPS. After
incubation at 37°C for 1h, the wells were washed and then incubated with HRP-conjugated anti-
mouse IgG (1:1000). After washing, the peroxidase substrate tetramethylbenzidine (TMB) was
added to the wells and, after 5 min, optical density (OD) was read at 450 nm with an ELISA plate

reader. Data are reported as OD corrected by subtracting with the readings in blank samples.
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Colonic mRNA extraction

Distal colon was collected during euthanasia and placed in RNA-Later (Invitrogen). Total
mRNAs were isolated from colonic tissues homogenized with TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions and as previously described[3]. Briefly, chloroform
was then added, and samples were incubated at RT for 3min. After centrifugation (12,000g, 4°C,
15min), the aqueous phase was transferred in a new tube. RNA was precipitated by adding
isopropyl alcohol and incubated overnight at -20°C. Samples were then centrifuged (12,000, 4°C,
30min), supernatant was aspirated, and pellet washed with 75% ethanol. Ethanol was then
eliminated after centrifugation (7,500, 4°C, 5Smin) and dried RNAs were dissolved in molecular
grade water. RNAs were subsequently cleaned using the RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. Extracted purified RNAs were quantified, and purity assessed

using a Thermo Scientific™ Nanodrop™ one.

Colonic RNA sequencing

Library preparation and sequencing. cDNA library was prepared using the Invitrogen™

Collibri™ Stranded RNA library Prep Kit for Illumina™ with Collibri™ H/M/R rRNA Depletion
Kit according to the manufacturer’s instructions and starting with 500ng of purified RNAs. Briefly,
rRNA were first depleted, and enriched mRNAs subsequently used for fragmentation, adaptors
ligation and reverse transcription. After purification, libraries were PCR-enriched, further purified,
and quantified and quality-assessed on an Agilent™ 2100 Bioanalyzer™ instrument. A master
library was generated from the purified products in equimolar ratios. The pooled products were
quantified using Qubit and sequenced using an Illumina Next-Seq sequencer (paired-end reads,

2x750 bp) at Cornell University, Ithaca.
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Data analysis. Cutadapt tool [4] online tool was first used in order to remove adapter
sequences s as well as trim sequences from the first low quality (<28) base. High quality reads
longer than 20 nucleotides were then aligned to mm10 mus musculus reference genome using
Bowtie2 [5]. Gene expression levels were next measured using Cufflinks [6] and differentially
expressed genes between conditions were identified using Cuffdiff [6]. Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) unit was used and Log2 fold changes and g-values
were computed for each comparison of interest. Principal coordinates analysis (PCoA) of the Bray-
Curtis distance matrix of the colonic transcriptome were then generated for comparisons of interest.
Gene level volcano plots were generated through R (version 4.1.2 (2021-11-01), Platform: x86_64-
apple-darwinl7.0 (64-bit)). Differentially expressed genes enrichment analysis was performed
using Metascape (https://metascape.org/gp/index.html#/main/stepl) [7]. User-provided gene
identifiers were converted into their corresponding Mus musculus gene IDs using the last version
of the database (last updated on 2021-11-01). Briefly, functions and metabolic pathways were
ordered according to their P-value (smaller P-value indicating higher ranking). For each given gene
list, pathway and process enrichment analysis were performed with the following ontology sources:
GO Biological Processes, KEGG Pathway, Reactome Gene Sets, CORUM, TRRUST, PaGenBase
and WikiPathways. Terms (P<0.01, minimum count of 3, enrichment factor>1.5) were collected
and grouped into clusters based on their membership similarities. More specifically, P-values were
calculated based on the accumulative hypergeometric distribution, and g-values were calculated
using the Benjamini-Hochberg procedure to account for multiple testing. Kappa scores were used
as the similarity metric when performing hierarchical clustering on the enriched terms, and sub-
trees with a similarity of > 0.3 were considered a cluster. The most statistically significant term
within a cluster was chosen to represent the cluster. Heatmaps were generated using Morpheus

(https://software.broadinstitute.org/morpheus) online tool using 297 and 421 genes, respectively.
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72 They were then clustered by rows and columns using the average linkage hierarchical clustering
73  and Spearman rank correlations. These genes were selected based on the following criteria 1)
74  significantly different between mice receiving dietary emulsifier and mice receiving water only
75  and 2) not common between C vs. W and CA vs. WA, or P vs. W and PA vs. WA, in order to focus
76  ondifferences vanishing in the 4. muc.-treated groups. Unprocessed sequencing data are deposited
77  in the Genome Sequence Archive (GSA) in BIG Data Center, Beijing Institute of Genomics,
78 Chinese Academy of Sciences, under accession number XXXXX, publicly accessible at
79  http://bigd.big.ac.cn/gsa.

80

81 Immunostaining of mucins and localization of bacteria by FISH

82 Mucus immunostaining was paired with fluorescent in situ hybridization (FISH), as
83  previously described[8], in order to analyze bacteria localization at the surface of the intestinal
84  mucosa[9,10]. Briefly, colonic tissues (proximal colon, 2nd cm from the cecum) containing fecal
85  material were placed in methanol-Carnoy’s fixative solution (60% methanol, 30% chloroform,
86  10% glacial acetic acid) for a minimum of 3 h at room temperature and stored at 4°C. Tissues were
87  then washed in methanol 2x30 min, absolute ethanol 2x15 min, ethanol/xylene (1:1) 15 min and
88  xylene 2x15 min, followed by embedding in Paraffin with a vertical orientation. Four mm sections
89  were performed and dewax by xylene 60°C for 10 min, xylene for 10 min and 99.5% ethanol for 5
90 minutes. Hybridization step was performed at 50°C overnight with EUB338 probe (50-
91 GCTGCCTCCCGTAGGAGT-30, with a 5’ labeling using Alexa 647) diluted to a final
92  concentration of 10 mg/mL in hybridization buffer (20 mM Tris—HCL, pH 7.4, 0.9 M NacCl, 0.1%
93  SDS, 20% formamide). After washing 10 min in wash buffer (20 mM Tris—HCI, pH 7.4, 0.9 M
94  NaCl) and a quick wash in PBS, slides were incubated in block solution (5% fetal bovine serum in
95  PBS) in darkness at 4°C for 30 min. Slides were then gently dried and PAP pen (Sigma-Aldrich)
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was used to mark around the section. Mucin-2 primary antibody (rabbit MUC2 antibody [C3], C-
term, Genetex, GTX100664) was diluted 1:100 in block solution and applied overnight at 4°C.
After washing 3x10 min in PBS, block solution containing anti-rabbit Alexa 488 secondary
antibody diluted 1:300, Phalloidin-Tetramethylrhodamine B isothiocyanate (Sigma-Aldrich) at 1
mg/mL and Hoechst 33258 (Sigma-Aldrich) at 10 mg/mL was applied to the section for 2h. After
washing 3x10 min in PBS slides were mounted using Prolong anti-fade mounting media (Life
Technologies, Carlsbad, CA, USA) and kept in the dark at 4°C. Observations and measurement of
the distance between bacteria and epithelial cell monolayer were performed with a Spinning Disk
IXplore using the Olympus cellSens imaging software 421 (V2.3) at a frame size of 2,048 x 2,048
with 16-bit depth. A 405nm laser was used to excite the 422 Hoechst stain (epithelial DNA), 488nm
for Alexa Fluor 488 (mucus), 488nm for TRITC (actin), 423 and 640nm for Alexa Fluor 647

(bacteria). Samples were imaged with a 20x objective.

Daniel N, et al. Gut 2023;0:1-12. doi: 10.1136/gutjnl-2021-326835



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Gut

108

109
110
111

112
113

114
115
116

117
118

119
120

121
122
123

124
125
126

127
128
129

130
131
132

133
134
135

136

10

Supplementary references

Chassaing B, Koren O, Carvalho FA, et al. AIEC pathobiont instigates chronic colitis in
susceptible hosts by altering microbiota composition. Gut 2014;63:1069-80.
doi:10.1136/gutjnl-2013-304909

Singh V, Yeoh BS, Chassaing B, et al. Dysregulated Microbial Fermentation of Soluble Fiber
Induces Cholestatic Liver Cancer. Cell 2018;175:679-694.¢22. doi:10.1016/j.cell.2018.09.004

Chassaing B, Srinivasan G, Delgado MA, et al. Fecal Lipocalin 2, a Sensitive and Broadly
Dynamic Non-Invasive Biomarker for Intestinal Inflammation. PLOS ONE 2012;7:e44328.
doi:10.1371/journal.pone.0044328

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal 2011;17:10-2. doi:10.14806/¢j.17.1.200

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods
2012;9:357-9. doi:10.1038/nmeth.1923

Trapnell C, Roberts A, Goff L, et al. Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nat Protoc 2012;7:562-78.
doi:10.1038/nprot.2012.016

Zhou Y, Zhou B, Pache L, et al. Metascape provides a biologist-oriented resource for the
analysis of systems-level datasets. Nat Commun 2019;10:1523. doi:10.1038/s41467-019-
09234-6

Johansson MEV, Hansson GC. Preservation of mucus in histological sections, immunostaining
of mucins in fixed tissue, and localization of bacteria with FISH. Methods Mol Biol Clifton NJ
2012;842:229-35. doi:10.1007/978-1-61779-513-8 13

Chassaing B, Ley RE, Gewirtz AT. Intestinal Epithelial Cell Toll-like Receptor 5 Regulates
the Intestinal Microbiota to Prevent Low-Grade Inflammation and Metabolic Syndrome in
Mice. Gastroenterology 2014;147:1363-1377.e17. doi:10.1053/j.gastro.2014.08.033

Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers impact the mouse gut
microbiota promoting colitis and metabolic syndrome. Nature 2015;519:92-6.
doi:10.1038/nature14232

Daniel N, et al. Gut 2023;0:1-12. doi: 10.1136/gutjnl-2021-326835



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

Supplemental material placed on this supplemental material which has been supplied by the author(s)

Gut

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

Supplementary figure legends

Supplementary Figure 1. Inoculum purity and impact of daily gavage on 4. muc. fecal
relative abundance. (A) Purity of the obtained in vitro bacterial stock was determined by bacterial
DNA extraction, 16S rRNA gene sequencing, and Greengenes taxonomic assignment. (B) Fecal

abundance was measured by qPCR in fecal DNA extraction from days 0 and 28 samples.

Supplementary Figure 2. 4. muc. administration prevents emulsifier-induced alterations
in microbiota composition. Principal coordinates analysis (PCoA) of the unweighted Unifrac
matrix of microbiota assessed by 16S rRNA gene sequencing at days (A) 0 and (B) 49 after
removing all Qiime2-generated ASVs related to the Verrucomicrobia phylum. Each dot represents
an individual animal and is color coded (blue, water; orange, CMC; purple, P80, light blue, water

— A. muc.; light orange, CMC — A. muc.; light purple, P80 — 4. muc.).

Supplementary Figure 3. 4. muc. administration prevents dietary emulsifiers-induced
microbiota alterations. Mice were exposed to drinking water (blue) containing 1.0% of CMC
(orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with either sterile PBS (solid
bars) or A. muc. (hatched bars). Fecal DNA was extracted at days 0 and 49 and subjected to 16S
rRNA gene amplification and sequencing. The 20 most significantly differentially abundant
features were identified using Microbiome Multivariable Associations with Linear Models
(MaAsLin 2) and belonged to the (A-B) Allobaculum genus, (C-D) Clostridiaceae family, (E-N)
S24-7 family, (O-P) Rikenellaceae family, (Q) Turicibacter genus, (R) Prevotella genus, (S)

Odoribacter genus and (T) Ruminococcaceae genus. Data are represented as means + SEM. n=4-
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160 5. Statistical analyses were performed using MaAsLin 2. P-values of interest were directly recorded
161  on graphs and significant differences are highlighted in bold.

162

163 Supplementary Figure 4. Dietary emulsifiers and 4. muc. administration impact on the
164  intestinal environment. Mice were exposed to drinking water (blue) containing 1.0% of CMC
165  (orange) or P80 (purple) for 9 weeks, and gavaged 5 days per week with either sterile PBS (solid
166  bars) or A. muc. (hatched bars). Feces were collected at day 63 and (A) lipopolysaccharide (LPS)
167  and (B) flagellin (F1iC) were measured using TLR4 and TLRS reporter cells. Serum was collected
168 at euthanasia and (C) anti-lipopolysaccharide (LPS) and (D) anti-flagellin (FLiC) IgG were
169 measured. Data are represented as means = SEM. n=4-5. Statistical analyses were performed using
170 a one-way ANOVA followed by a Bonferroni post-hoc test and significant differences were
171  recorded as follows: *p<0.05, **p<0.01.

172

173 Supplementary Figure 5. A. muc. administration prevents emulsifier-induced
174  alteration of the colonic transcriptome. Mice were exposed to drinking water containing 1.0%
175  of CMC or P80 for 9 weeks, and gavaged 5 days a week with either sterile PBS or A. muc. Colon
176  RNA was extracted and subjected to NextSeq sequencing. (A-B) Colonic transcriptome at the gene
177  level was visualized on volcano plots for CMC vs. water (A) and P80 vs. water (B) comparisons.
178  For each gene, the difference in abundance between the two groups is indicated in Log2 fold change
179  on the x-axis (with positive values corresponding to an increase in emulsifier-treated group
180 compared with water-treated group, and negative values corresponding to a decrease in emulsifier-
181  treated group compared with water-treated group), and significance between the two groups is

182  indicated by —logl0 g-value on the y-axis. (C-D) Colonic transcriptome at the gene level was
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183  visualized on volcano plots for CMC — 4. muc. vs. water — A. muc. (C) and P80 — 4. muc. vs. water
184  — A. muc. (D) comparisons. (E-F) PCoA of the Bray-Curtis distance matrix for the genes with
185  significantly altered expression induced by CMC and/or P80 with dot colored by treatment (water
186  =blue; CMC = orange; P80 = purple; water — A. muc. = light blue; CMC — A. muc. = light orange;
187 P80 — A. muc. = light purple). PERMANOVA p-values are indicated in the bottom of each PCoA.
188

189 Supplementary Figure 6. Impact of emulsifier consumption and A. muc. treatment on
190 the colonic transcriptome. (A) Overview of the number of genes with significantly increased
191  expression following CMC or P80 consumption, with purple lines linking identical genes between
192  CMC and P80 conditions. (B) Heatmaps listing overrepresented pathways / functions for CMC vs.
193  Water and P80 vs. Water comparisons. (C) Overview of the number of genes with significantly
194  decreased expression following CMC or P80 consumption, with purple lines linking identifcal
195 genes between CMC and P80 conditions. (D) Heatmaps listing underrepresented pathways /
196 functions for CMC vs. Water and P80 vs. Water comparisons. (E) Overview of the number of
197  genes with significantly increased expression following CMC or P80 consumption in 4. muc.-
198 treated groups, with purple lines linking identical genes between CMC and P80 conditions. (F)
199  Heatmaps listing overrepresented pathways / functions for CMC + 4. muc. vs. Water + A. muc. and
200 P80 + A. muc. vs. Water + A. muc. comparisons. (G) Overview of the number of genes with
201  significantly decreased expression following CMC or P80 consumption in A. muc.-treated groups,
202  with purple lines linking identifcal genes between CMC and P80 conditions. (H) Heatmaps listing
203  underrepresented pathways / functions for CMC + 4. muc. vs. Water + A. muc. and P80 + A. muc.
204  vs. Water + A. muc. comparisons.

205
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206 Supplementary Figure 7: Impact of emulsifier consumption and A. muc. treatment on
207  colonic transcriptome. (A) Principal coordinates analysis (PCoA) of the Bray-Curtis distance
208 matrix of the colonic transcriptome (all genes included) with dot colored by treatment (water =
209  Dblue; water + A. muc. = light blue) (B) Heatmap of genes with an altered expression induced by
210  CMC consumption and for which A. muc. administration prevents such difference. (C) Heatmap
211  of genes with an altered expression induced by P80 consumption and for which A. muc.
212 administration prevents such difference. Hierarchical clustering was performed based on gene
213 expression and Spearman rank correlations. W: water; C: CMC, WA: Water + A. muc.; CA: CMC

214  + A. muc.; PA: P80 + 4. muc..
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