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Fermented foods restructure gut microbiota and promote immune regulation
via microbial metabolites
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Abstract:

Fermented foods are ancient and ubiquitous, thought to be consumed in nearly every culture over
the last 10,000 years and as part of the hominin diet for millions of years. A growing body of
evidence supports their potential health benefits, but the mechanistic basis of their effects on the
gut microbiome and host immunity remain to be elucidated. Fermented foods are diverse, each
representing a complex mixture of food, microbes, and metabolites creating a significant challenge
to disentangle the effects of individual components. Herein, we further define the chemical
signature of individual fermented foods to categorize them based on the primary metabolic end-
products of fermentation. Using mouse models, we find that fermented foods have both
microbiome directed as well as differential host directed effects that correspond to their metabolite
composition. Fermented food brine drink shows site-specific restructuring of the gut microbiome
and promotion of tolerogenic barrier immunity; fractionation of the brine to examine the effects of
the microbe-free, metabolite rich supernatant shows similar activity. Lactate, the main metabolite
of lactic acid fermentation and the major metabolite within the brine drink, when administered in
water, fuels a trans-kingdom metabolic network to selectively promote the growth of Akkermansia
muciniphila. in the small intestine, while promoting immune tolerance via an increase in
microbiota-dependent Regulatory T-cells. These findings suggest that the beneficial effects of
fermented food consumption can be mediated by microbial metabolites within fermented foods,
independent of microbial content, and highlight the importance of further defining the diverse
chemical landscape of fermented foods to inform their potential health benefits and therapeutic
use.
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Introduction:

Fermented foods are widely consumed and, prior to industrialization, were a staple of diets around
the world'. Humans have a deep evolutionary relationship and adaptations to fermented dietary
components evidenced by positive selection of alcohol dehydrogenase in fruit-foraging great ape
ancestors dating to ~10M years ago, suggesting fermented food consumption by hominins long
before human directed fermentation?. The current definition of fermented foods is: “foods made
through desired microbial growth and enzymatic conversions of food components™. The health
benefits of fermented foods remain largely untested in clinical trials* 3, however, recent human
studies have highlighted the potential benefits of fermented foods to reduce inflammation and
promote microbiome diversity® 7. Further, mechanistic insights into the effect of fermented foods
on host biology have been limited by their microbial diversity and chemical complexity®'4. The
chemical identities of the diverse microbial metabolites within fermented foods are less well
described and may be key in understanding their health effects.

The intestinal immune system is exquisitely tuned to respond to microbial and metabolic cues
within the GI tract and prior data has demonstrated fermented food administration can have
immune impacts'>. We hypothesized that fermented foods may affect host immunity both via the
live microbial component as well as their chemical metabolites. We administered whole fermented
foods to mice and directly compared their effects to sterilized fermented foods that contained
chemical metabolites in the absence of live organisms.

We used a recently developed microbiome metabolite focused LC-MS pipeline to survey the
chemical diversity of common fermented foods'® in combination with GC-MS assessment of
SCFA and organic acid content. We find that fermented foods can be grouped based on their
detailed metabolite profiles, which also corresponds to classification based on their dominant
metabolites: lactate and/or acetate. Both lactate and acetate are known to interact with the immune
system, however, their role in the context of orally consumed fermented foods has not been well
studied. Herein, we characterize the microbial and chemical composition of common fermented
foods and assess their impact on microbiota composition and host immunity using mouse
models. We find lactate is a keystone metabolite that dominantly restructures intestinal microbiota
composition and alters host immunity.

Results:

To investigate the chemical composition of common fermented foods we purchased commercially
available fermented foods and assessed the levels of carboxylic acids, including short chain fatty
acids (SCFA) (Fig 1a). Lactate was present in high amounts in yogurt and fermented sauerkraut
brine, while absent from kombucha and miso. The only SCFA present in significant amounts was
acetate, which was found in fermented sauerkraut brine and was the sole carboxylic acid present
in kombucha. Miso paste did not have appreciable levels of common carboxylic acid-containing
products of fermentation. We employed a wider metabolite survey using a recently developed
microbiome-focused liquid chromatography—mass spectrometry (LC-MS) pipeline to identify
microbial metabolites present in fermented foods'®. We found that fermented foods have differing
chemical signatures that cluster by type of food fermented and by type of fermentation (acetogenic
vs lactic acid) (Figure 1b).
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As our previous study indicated that fermented foods may alter intestinal microbiota composition®,
we treated mice with a conventional microbiota with either whole sauerkraut brine, filter sterilized
sauerkraut brine, or lactate (Figure 2a). The fecal and cecal bacterial communities of each
treatment ordinate separately by permutational multivariate analysis of variance (PERMANOVA),
demonstrating that bacterial metabolites as well as lactate alone significantly alter intestinal
microbiota composition distinctly from whole sauerkraut brine (Figure 2a).

We then assessed the impact of whole sauerkraut brine and lactate on the intestinal microbiota
composition using gnotobiotic mice colonized with a healthy human fecal sample (Figure
2b). While the fecal bacterial composition was not significantly altered, the ileal composition was,
with enrichments in the family Akkermansiaceae and Lachnospiraceae (Figure 2b). These data
suggest a dominant effect of fermented food intake on the microbiota composition of the small
intestine.

Given our data suggesting that fermented food intake alters the small intestinal microbiota, we
isolated immune cells from the large and small intestine for analysis (Fig 3a). We found that CD4+
T-regulatory cell (Treg) numbers were increased in small intestinal lamina propria and not in the
large intestine with administration of whole sauerkraut brine (Fig 3a). Treg numbers were similarly
increased with intake of whole sauerkraut brine or filter-sterilized sauerkraut brine, indicating that
fermented food metabolites alone have the capacity to promote regulatory responses in the small
intestine (Fig 3b). We then administered lactate, an abundant fermented food metabolite, and found
an increase in Treg as well (Fig 3c). Acetate, another abundant fermented food metabolite, did not
lead to expanded Treg, indicating a distinct capacity of lactate to impact small intestinal immunity
(Fig 3d).

The regulatory T cell compartment of the intestine is regulated by the microbiota!” and we tested
if the observed expansion of this cell type was dependent on the presence of a microbiome (Fig
3e). Indeed, lactate given to germ free mice did not significantly increase Treg numbers (Fig
3e). We then mono-colonized mice with a single fermented food-derived bacterial isolate with
colonization of the small intestine (Fig 4a) and abundant lactate production, Lacticaseibacillus
paracasei, to find that a single bacterial strain from fermented foods was able to confer increased
regulatory T cells (Fig 4a). To clarify the role of bacterial metabolites in promoting regulatory T
cells in a reductionist system, we mono-colonized mice with a single bacterial isolate with
colonization of the small intestine (Fig 4b) and limited capacity to produce lactate, E. coli
MG1655, and administered filter sterilized sauerkraut brine. E coli alone has no effect on Tregs
in the small intestine (Fig 4b). However, when fermented food metabolites are administered, E.
coli induced Treg cell response in the intestine is significantly increased (Fig 4b).

Discussion:

Given the widespread and longstanding consumption of fermented foods paired with recent data
suggesting they may confer health benefit, there is a pressing need to further characterize the
microbial and chemical diversity as well as their effects on microbiome-host interactions®. The
chemical diversity of fermented foods via an LC/MS microbial-metabolite focused pipeline,
reveals grouping by fermentation type. The dominate organic acid metabolites that are the end
products of fermentation, lactate and acetate, are inversely proportional, and their relative
abundance corresponds to the broader metabolomic profile groups.
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Recent findings demonstrate that fermented food intake alters gastrointestinal microbiota
composition, however it remains unclear how live microbes or chemical metabolites independently
interact with the microbiome®”’. We found that sterile sauerkraut brine or lactate alone altered the
fecal and cecal microbiota of conventional mice in a distinct manner to whole brine, suggesting
discrete roles of the components of fermented foods, specifically metabolites versus live microbial
content, can impact gut microbes. When whole brine or lactate was given to germ free mice
humanized with healthy human fecal sample, we observed a significant shift in the microbiota
within the terminal ileum that was not apparent in feces, with enrichment of Akkermanisa
muciniphila. Thus, in humanized mice, we see that the major impact of fermented food intake is
exerted on the small intestinal microbiota and largely independent of live microbes.

Given fermented food promotion of A. muciniphila and the previously reported ability of this
species to induce Tregs'®, we investigated the host immune impact of fermented food. Notably,
Tregs expand in the small intestinal lamina propria, but not in the large intestine. The site-specific
alteration of microbiota composition and regulatory immune shift is consistent with oral intake
and relatively higher concentrations of fermented food metabolites in the small intestine. Small
intestinal Tregs were similarly expanded with delivery of sterile sauerkraut brine or lactate alone,
but not with acetate. As Tregs in the intestine are regulated by the presence of the microbiome, we
tested if the observed effect of lactate was microbiome-dependent. Indeed, germ-free mice that
received lactate did not increase intestinal Tregs, which suggests that lactate is affecting microbiota
dependent Tregs.

Colonization of germ free mice with a single bacteria known to colonize the small intestine and
produce lactate, Lacticaseibacillus paracasei, increased Tregs in both the small and large intestine,
likely because of increased lactate concentrations in the small and large intestine in this setting.
Monocolonization of germ free mice with £ coli, which colonizes the small intestine without
significant lactate production, did not increase Tregs in the small intestine; however sterile
fermented food given to E coli-colonized mice greatly expanded Tregs. These findings in a
monoassociated gnotobiotic mouse model demonstrate that fermented foods can function as a diet
derived signal to shift the tone of microbiota induced immunity independent of altered microbiota
composition.

While we demonstrate that orally ingested lactate has potent host directed effects in the small
intestine, the mechanism of this interaction remains unclear. We hypothesize that lactate will have
direct host interaction, particularly in the small intestine. Lactate is used as an energy source by
immune cells via the transport channels MCT1-4 and can also signal via GPR81 and GPR31!%- 20,
The promotion of Tregs by lactate in the tumor microenvironment is well studied and thought to
involve both direct use of lactate as a carbon source by Tregs as a signaling capacity within
myeloid cells 2-22 23:24 The role of lactate in intestinal homeostasis is less well studied, however,
recent data suggests that lactate signaling via GPR81 on hematopoietic cells is a critical regulator
of inflammation®. Our results support that lactate is a keystone metabolite that contributes to
intestinal immune regulation and that oral intake of lactate containing fermented foods may be a
potent signal to limit inflammation in the small intestine via both microbiota and host direct effects.
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Acetate, the fermentative end product of acetogenic fermentation in Kombucha, does not alter
Tregs in the small intestine when orally ingested. This suggests that the critical regulatory function
of acetate may be specific to its generation and sensing in the colon and is not augmented with oral
intake?*-28. While we did not assess the effects of whole or sterile Kombucha, our data demonstrate
that acetate component of Kombucha does not likely promote immune regulation in the small
intestine. It is likely that other fermented food metabolites within Kombucha do have host or
microbiome effects, but this remains untested.

This study highlights the complexity and diversity among common fermented foods. While it has
remained unclear the relative contribution of live microbes or microbial metabolites to the host
effects of fermented foods, we find that microbial metabolites alone have the capacity to alter both
microbiota composition and host immunity. Further, we find that fermented foods can be
functionally segregated based on their dominant fermentative end product, lactate or acetate, with
lactate containing fermented foods having potent immune regulatory capacity in the small
intestine.

Similar to recent proposals for a daily intake of microbes, our findings suggest we may also benefit
from a daily intake of bacterial metabolites and, in particular, lactate®. Future studies should focus
on identifying specific metabolites within fermented foods that confer health benefits as well as
the microbes and pathways that lead to their production®®. Microbially and chemically defined
fermented foods are poised to become powerful and delicious tools to promote health as well as
prevent and treat disease.
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Figure 1: Fermented foods have distinct chemical signatures.

a) Organic acid concentrations of commercially available fermented foods (*indicates food was
not fermented). b) Hierarchical clustering of metabolites detected across commercially fermented

foods. The metabolites with relative abundance in the top 5% of all metabolites found in at least 1
fermented foods are displayed.
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Figure 2: Components of fermented food differentially alter the intestinal microbiome

a) Conventional mice given indicated treatment for 5 weeks and analyzed by 16S amplicon
sequencing of feces and cecal contents. Graph displayed is a Principal Coordinate Analysis
(PCoA) analyzed via PERMANOVA. b) Gnotobiotic mice colonized with healthy human stool
given the indicated treatment for 4 weeks and analyzed via 16S amplicon sequencing with display
of relative abundance at the phylum level (left panel) and significantly altered families of bacteria
(right panel).
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Figure 3: Metabolites of fermented foods promote microbiota dependent regulatory T cells

a)Gnotobiotic mice colonized with healthy human stool given sauerkraut brine for 4 weeks and
CD4+Foxp3+ T regulatory cells isolated from the intestine were quantified b) Conventional mice
given indicated treatment for 4-5 weeks and CD4+Foxp3+ T regulatory cells isolated from the
intestine were quantified; results pooled across 3 experiments ¢) Conventional mice given lactate
for 4 weeks and CD4+Foxp3+ T regulatory cells isolated from the intestine were quantified d)
Conventional mice given acetate for 4 weeks and CD4+Foxp3+ T regulatory cells isolated from
the intestine were quantified ) Germ Free mice given lactate for 4 weeks and T regulatory cells
isolated from the intestine were quantified ** p <0.01, not significant (NS).
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Figure 4: Either probiotic lactic acid bacteria or chemical metabolites from fermented foods
promote regulatory T cell responses

a)Gnotobiotic mice colonized with a strain of fermented-food derived L. paracasei for 2 weeks.
Left panel: Colony Forming Units (CFU) assessed in the site indicated, small intestine (Si),
proximal (Prox). Right panel: CD4+, Foxp3+ T regulatory cells isolated from the intestine were
quantified. b) Gnotobiotic mice colonized with E. coli MG1655 and treated with sterile fermented
brine for 2 weeks. Left panel: Colony Forming Units (CFU) assessed in the site indicated, small
intestine (Si), Proximal (Prox). Right panel: CD4+, Foxp3+ T regulatory cells isolated from the
intestine were quantified. Not significant (NS), * p<0.05, ** p<0.01, *** <0.001, **** <0.0001.


https://doi.org/10.1101/2022.05.11.490523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.11.490523; this version posted May 12, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Materials and Methods:

DNA isolation and 16S amplicon sequencing

DNA was extracted from indicated source using the MoBio PowerSoil kit according to
manufacturer’s protocol and amplified at the V4 region of the 16S ribosomal RNA (rRNA) subunit
gene and 250 nucleotides (nt) [llumina sequencing reads were generated. 16S rRNA gene amplicon
sequencing data was demultiplexed using the QIIME pipeline version 1.8*2. Amplicon sequence
variants (ASVs) were identified with a learned sequencing error correction model (DADA?2
method)?? using the dada2 package in R. ASVs were assigned taxonomy using the GreenGenes
database (version 13.8).

Fermented foods
Fermented foods analyzed were commercially available products purchased from grocery stores.

Gas chromatography/mass spectrometry (GC/MS) analysis of SCFAs and Lactate

For Yogurt and Miso, ~100 mg of semi-solid food was pre-weighed into a 2-ml screw top tube (or
96 well plate) containing six 6 mm ceramic beads (Precellys® CK28 Lysing Kit). 500 puL of an
extraction solution (20 uL 10 mM n-crotonic acid in water as internal standard, 100 uL 6 N HCI,
380 uL ddH»0) and 500 pL diethyl ether were then added to each tube. For Sauerkraut Brine and
Kombucha, 1 ml of liquid food was centrifuged at 13000 x g for 10 min at room temperature. 100
ul of supernatant was added into 400 pl of extraction solution (20 uL. 10 mM n-crotonic acid in
water as internal standard, 100 uL 6 N HCI, 280 pL. ddH>O) and 500 uL diethyl ether in the beads
tube. For authentic standards, 100 pl of SCFAs/lactate mix solution (ranging from 5000 uM to
0.5 uM, series of 2-fold dilution) was added into 400 pl of extraction solution (20 uL 10 mM n-
crotonic acid in water as internal standard, 100 pL 6 N HCI, 280 uL ddH>O) and 500 pL diethyl
ether in the beads tube.

All samples were homogenized by vigorous shaking using a QIAGEN Tissue Lyser II at 25/s for
10 min. The resulting homogenates were subjected to centrifugation at 18000 x g for 10 min. The
organic layer was transferred to a new glass vial (29391-U, Supelco) for derivatization using the
following procedure: 100 pl of diethyl ether extract was mixed with 10 uL. MTBSTFA and
incubated at room temperature for 2 h. 1 pL of the derivatized samples were analyzed using a
7890B GC System (Agilent Technologies) and 5973 Network Mass Selective Detector (Agilent
Technologies). We used the following chromatography conditions for GC-MS: Column: HP-5MS,
30 m, 0.25 mm, 0.25 um; Injection Mode: splitless; Temperature Program: 40 °C for 0.1 min; 40-
70 °C at 5 °C/min, hold at 70 °C for 3.5 min; 70-160 °C at 20 °C/min; 160-325 °C at 35 °C/min,
equilibration for 3 min. 1 puL of each sample was injected and analyte concentrations were
quantified by comparing their peak areas with those of external authentic standards
using MassHunter Quantitative Analysis Software.

Liquid chromatography—mass spectrometry (LC-MS)

Fermented food samples were extracted in LC-MS grade methanol. Sample supernatants were then
transferred, evaporated, and reconstituted in an internal standard mix (50% Methanol). Metabolite
samples were analyzed on a LC-MS qTOF instrument using reverse phase C18 positive, C18
negative, and HILIC positive methods as described'®. Compound annotation was carried out using
the MSDIAL software’! and an authentic standard reference library'¢. To quantify metabolite
levels, area under the curve for each annotated metabolite was normalized using the sum of internal
standards in each sample.
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Cell isolation from intestine

Protocol was adapted from prior***°, Small intestine was removed from mice, Peyer’s patches
were removed and tissue was cut longitudinally and washed in PBS. The tissue was then cut into
1-2 cm sections and placed into a 125 ml flask containing 20ml of RPMI containing 2% FBS,
SmM EDTA and 5mM DTT (DL-Dithiotreitol99%, Sigma-Aldrich catalog #D0632) and
incubated for 20 min on stirring plate. The contents of the flask were then strained through a fine-
meshed kitchen strainer into a 500 ml beaker. The pieces of small intestine were transferred to a
50 ml conical tube containing 10 ml of serum free media with SmM EDTA and shaken vigorously
for 30 seconds and then strained through the same kitchen strainer into the same beaker three times.
The small intestine pieces recovered from strainer were washed with Sml PBS and transferred into
a 50 ml beaker, finely minced with surgical scissors, placed in 7ml of RPMI + 1mg/ml Liberase +
0.5mg/ml DNAse, and incubated for 25 min at 37°C on stirring plate. At end of incubation 5mls
of RPMI containing 3% FBS was added and each sample was passed through a 70um and 40pum
filter with assistance from the plunger of a 3ml syringe.

Antibodies and Flow cytometry

Antibodies for flow cytometry were purchased as listed below. Identification and gating of dead
cells in all experiments was with LIVE/DEAD fixable dead stain (ThermoFisher). All stains were
done out with anti-CD16/32 blocking antibody (clone 93, Biolegend). For intracellular staining,
cells the FoxP3/Transcription factor staining buffer set was used according to the manufacturer’s
directions (ThermoFisher). (Antibody/Fluorophore/Clone/Source): CD45/PerCP/Cyanine5.5/30-
F11/BioLegend, CD45.2/Brilliant Violet 711/A20/BioLegend, CD4/Brilliant  Violet
650/L3T4/BioLegend, TCRb/Alexa Fluor 700/H57-597/BioLegend, TCRb/PE-Cyanine7/H57-
597/BioLegend, CD8a/Brilliant Violet 785/53-6.7/BioLegend, T-bet/PE-Cyanine7/4B10/Thermo
Fisher, Foxp3/eFluor 450/FJK-16s/Thermo Fisher, ROR gamma (t)/PE/B2D/Thermo Fisher,
GATA3/Alexa Fluor 488/L.50-823/Thermo Fisher, CD90.2/BUV395/53-2.1/Thermo Fisher,
Ki67/BD Horizon BV711/B56/Thermo Fisher, IgA/APC/mA-6E1/Thermo Fisher

Mice

Conventional B6 mice were purchased from either Taconic Biosciences (B6NTac-EF) or The
Jackson Laboratory. Mice were used between 6-12 weeks of age. All mice were bred and
maintained under pathogen-free conditions at an American Association for the Accreditation of
Laboratory Animal Care accredited animal facility. Fermented foods were administered either by
daily gavage of 200ul for 4 weeks or delivered in the drinking water bottles of mice for 2-6 weeks
duration.

Statistical analysis
A two-tailed Student’s t-test was used for all statistical analysis unless otherwise noted, * p<
0.05, **p < 0.01, *** p<0.001, **** p<0.0001, not significant (ns, p>0.05)
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