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Abstract

Intestinal inflammation shifts microbiota composition and metabolism. How the host monitors
and responds to such changes remains unclear. Here, we describe a protective mechanism by
which mucosal-associated invariant T (MAIT) cells detect microbiota metabolites produced upon
intestinal inflammation and promote tissue repair. At steady state, MAIT ligands derived from

the riboflavin biosynthesis pathway were produced by aerotolerant bacteria residing in the colonic
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mucosa. Experimental colitis triggered luminal expansion of riboflavin-producing bacteria, leading
to increased production of MAIT ligands. Modulation of intestinal oxygen levels suggested a

role for oxygen in inducing MAIT ligand production. MAIT ligands produced in the colon

rapidly crossed the intestinal barrier and activated MAIT cells, which expressed tissue-repair
genes and produced barrier-promoting mediators during colitis. Mice lacking MAIT cells were
more susceptible to colitis and colitis-driven colorectal cancer. Thus, MAIT cells are sensitive to a
bacterial metabolic pathway indicative of intestinal inflammation.

Introduction

Many human diseases are associated with changes in the composition and activity of
intestinal microbiota. At steady state, the host controls critical nutrient availability to
allow the growth of beneficial microbes and contain the expansion of potentially harmful
bacteria. The abundance of electron acceptors, such as oxygen and nitrates in the colonic
lumen, has emerged as a key ecological parameter that shapes microbiota composition (1).
At steady state, oxygen coming from the blood is consumed by the colonic epithelium,
effectively maintaining a hypoxic luminal environment that selects for fermentative, strict
anaerobic bacteria such as Firmicutes and Bacteroidetes (2). By contrast, the availability
of oxygen in the lumen (dysanaerobiosis) enables bacterial respiration, a metabolism that
yields more energy than fermentation, and fuels the expansion of facultative anaerobes
such as Enterobacteriaceae (1). Dysanaerobiosis represents a major driver of dysbiosis
and underlies many pathological situations, such as inflammatory bowel diseases (IBDs),
enteric infections, and colorectal cancer (CRC) (3). Whether the host monitors microbial
metabolites indicative of intestinal dysbiosis remains unclear.

Mucosal-associated invariant T (MAIT) cells are innate-like T cells that recognize microbial
metabolites presented by the major histocompatibility complex-related molecule MR1 and
are abundant in liver and mucosal tissues (10 to 40% of T cells in the liver and 1 to

10% in the gut) (4). The particular tissue location of MAIT cells suggests a key role in

the surveillance of microbiota-derived ligands produced by the intestinal microbiota (5).
MAIT ligands are derived from the riboflavin precursor 5-amino-6-(D-ribitylamino)uracil
(5-A-RU), which reacts with methylglyoxal or glyoxal to generate the potent antigens 5-(2-
oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and 5-(2-oxoethylideneamino)-6-
D-ribitylaminouracil (5-OE-RU). 5-A-RU is synthesized by the microbial enzyme RibD,
which is strictly necessary for the production of MAIT ligands in both Gram-positive

and Gram-negative bacteria (6, 7). The amount of bacterial MAIT ligands produced is
proportional to the amount of riboflavin produced (8), suggesting that MAIT cells may
become activated through the T cell receptor (TCR) in the context of strong microbial
riboflavin production. However, the rules governing riboflavin production by the microbiota
are unknown. Riboflavin is the precursor of flavin mono-nucleotide and flavin adenine
dinucleotide (FAD), two major coenzymes involved in many redox reactions owing to their
ability to shuttle electrons from donor to acceptor molecules. Riboflavin-derived FAD is an
essential component of complex Il in the respiratory electron transport chain (9). Flavins are
used also by anaerobic bacteria such as Faecalibacterium prausnitzii to reduce oxygen and
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grow in contact with air (10). Thus, intestinal dysanaerobiosis may increase riboflavin needs
and lead to MAIT ligand synthesis by the microbiota.

In support of this hypothesis, MAIT cells are activated in pathologies associated with
intestinal dysanaerobiosis, such as IBD (11, 12) and CRC (13-15). The intestinal microbiota
of patients with IBD (16, 17) and CRC (18) harbors increased abundance of bacteria capable
of riboflavin synthesis, raising the possibility that MAIT cell activation in these patients
results from the production of riboflavin adduct ligands by the dysbiotic microbiota. TCR
stimulation of MAIT cells drives expression of tissue-repair genes (19-21). Skin wound
healing occurs more slowly in Mr2~/~ mice, which lack MAIT cells, compared with wild-
type (WT) mice, thereby demonstrating a role for MAIT cells in promoting tissue repair

(22, 23). In an in vitro wound healing assay, MAIT cells promoted the growth of a human
intestinal epithelial cell line in a TCR-dependent manner (19), suggesting that antigenic
stimulation of MAIT cells may support growth of the intestinal epithelium. Yet, the exact
role of MAIT cells in IBD is unknown.

In this study, we used a metatranscriptomic approach coupled with a highly specific
MAIT ligand quantification assay to investigate the effect of intestinal inflammation on
the production of riboflavin and MAIT ligands in the gut. We found that MAIT ligands
were synthesized by aerotolerant bacteria that bloom in the gut lumen during experimental
colitis. The subsequent MAIT cell activation leads to the production of anti-inflammatory
and tissue-repair mediators. Mice lacking MAIT cells were more susceptible to chronic
colitis and colitis-induced CRC, strongly suggesting that MAIT cells reduce intestinal
inflammation.

Bacterial production of MAIT ligands in the colonic mucosa

To quantify MAIT ligands in the large intestine, we adapted a sensitive in vitro biological
assay (7) based on the activation of monospecific TCR transgenic (Tg) T cells (24)
recognizing the canonical MAIT ligand 5-OP-RU. The mouse embryonic fibroblast cell
line WT3, engineered to overexpress MR1 (25), was used as MAIT antigen-presenting cells.
WT3-MR1 cells loaded with synthetic 5-OP-RU efficiently induced CD25 and CD69 at the
surface of tetramer* 5-OP-RU—-specific TCR Tg T cells after overnight coculture (fig. S1,
A and B). To assess the presence of MAIT ligands in the intestine, colon contents from a
B6 mouse were solubilized in culture medium, passed through a 0.22-um filter to eliminate
bacteria, and incubated with WT3 cells (which express low levels of MR1) or WT3-MR1
cells. The antigen-loaded cells were then washed and incubated overnight with TCR Tg T
cells. 5-OP-RU-specific TCR Tg T cells expressed CD25 and CD69 after coculture with
WT3-MR1 cells but not WT3 cells, indicating cognate activation by MR1-restricted MAIT
ligands (Fig. 1A). Using a standard curve of synthetic 5-OP-RU dilutions, the concentration
of MAIT ligands was estimated at 0.8 pmol/g of cecum contents, 1.8 pmol/g of colon
contents, and 7 pmol/g of feces (Fig. 1B). Both fungi and bacteria can produce riboflavin-
derived MAIT ligands (6, 26). MAIT ligands were depleted from intestinal contents when
mice were treated with broad-spectrum antibiotics (Fig. 1B) but not with the antifungal
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drug fluconazole (fig. S1C), indicating that MAIT ligands were mostly produced by the
commensal bacteria.

The large intestine presents ecological niches populated by microbial communities with
distinct metabolic requirements (27), which could affect MAIT ligand production. In
particular, oxygen arriving from the blood partially diffuses through the colonic epithelium
into the lumen, creating a steep oxygen gradient from the mucosal surface to the lumen
that shapes microbial communities (28). We evaluated how the radial partitioning of the
gut microbiota affects MAIT ligand production. Whereas mucosal scrapes contained fewer
bacteria (Fig. 1C), they were nonetheless more potent than lumen samples at activating
5-OP-RU-specific TCR Tg T cells (Fig. 1D), indicating stronger MAIT ligand production
in the mucosal side compared with the lumen. To explore the mechanisms underlying
increased MAIT ligand production in the mucosa, we sequenced the 16 S ribosomal RNA
(rRNA) genes and used PICRUSt (29) to estimate the metabolic potential of the lumen and
mucosa-associated bacterial communities.

Mucosal communities were enriched in Proteobacteria (families Oxalobacteraceae and
Enterobacteriaceae) and Deferribacteres (family Deferribacteraceae) (Fig. 1E, fig. S1D,
and table S1), consistent with a previous report (30). In agreement with higher MAIT
ligand production in the mucosa, PICRUSt predicted an enrichment in the riboflavin
biosynthetic pathway in the mucosa as compared with the lumen (fig. S1E). The oxidative
phosphorylation and glutathione metabolisms were also enriched in the mucosa (fig. S1E),
consistent with higher oxygenation of the mucosa than the lumen.

To directly quantify the transcriptional activity of the riboflavin biosynthetic pathway, we
next sequenced the non-rRNAs from both the mucosa and the lumen. Metatranscriptomic
analyses identified several bacterial genes (fig. S2) and pathways (Fig. 1F) modulated
between the two locations and revealed higher expression of the riboflavin biosynthesis
pathway in the mucosa as compared with the lumen (Fig. 1F). The gene ribD, which

controls production of the MAIT ligand precursor 5-A-RU, was overexpressed in the mucosa
(Fig. 1G), consistent with active synthesis of MAIT ligands. Thus, the activity of the
riboflavin biosynthesis pathway and the concentration of MAIT ligands vary in the distinct
ecological niches of the gut and are higher in mucosal layers than in the lumen.

To identify the bacterial taxa contributing to MAIT ligand biosynthesis in the gut, we
analyzed the taxonomy of ribD transcripts. In the lumen, ribD was mostly expressed by
Proteobacteriaand Firmicutes (Fig. 1H and fig. S1F). At the family level, the Proteobacteria
were identified as Desulfovibrionaceae, whereas the Firmicutes could not be identified

(fig. S1F). In the mucosa, ribD reads were primarily expressed by Deferribacteres (family
Deferribacteraceae) and Proteobacteria (family Desulfovibrionaceae). Both taxa represented
minor components of the total metatranscriptome (Fig. 1H), suggesting that MAIT ligand
production may be dominated by a few strong producers. At the species level, ribD reads
from the mucosa were mapped to Mucispirillum schaedleri (Fig. 11), the only member

of the Deferribacteres living in the mammalian intestine. M. schaed/eriis found in most
mammals, including humans, and resides in crypts and mucus layers (30) owing to its ability
to scavenge oxygen and resist oxidative stress (31). In the mucosa, M. schaedleri expressed
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a catalase, which protects against oxidative damage by reactive oxygen species, and the
high-affinity cbb3-type cytochrome ¢ oxidase, which can be used either for protection
from O, stress or for microaerobic respiration (fig. S1G) (31). Thus, the strong riboflavin
biosynthesis pathway activity in the mucosa may reflect needs for riboflavin in microbiota
living in an oxygen-exposed environment.

Dysanaerobiosis drives microbiota production of MAIT ligands

In neonates compared with adults, intestinal hypoxia is not yet established, and the colon
presents a higher abundance of facultative anaerobes such as Enterobacteriaceae (22, 32,
33). To assess MAIT ligand production by the microbiota before hypoxia formation, MAIT
ligands were quantified in colon contents from 2-week-old and 3-month-old mice. MAIT
ligands were more abundant in the colons of neonates compared with those of adults,
consistent with a link between intestinal oxygenation and MAIT ligand production in

vivo (fig. S3A). In adults, intestinal hypoxia is maintained by epithelial cells through

the B-oxidation of the microbial fermentation product butyrate (2, 34). Colon epithelial
oxygenation can be modulated through the streptomycin-mediated depletion of butyrate-
producing bacteria (34, 35). To increase the oxygen concentration in the gut, adult mice
were treated with streptomycin, resulting in reduced butyrate concentrations in the cecum
(Fig. 2A). To quantify hypoxia in the colon, we used the exogenous oxygen-sensitive dye
pimonidazole (PMDZ), which is retained in tissues at oxygen concentrations of <1% (35).
PMDZ was retained at the surface of colonocytes in nontreated mice (fig. S3B), confirming
epithelial hypoxia. Streptomycin treatment reduced PMDZ staining (Fig. 2B), indicating
increased colon oxygenation in these mice. Loss of hypoxia led to increased production of
MAIT ligands, with concentrations increased 10-fold in the cecum (Fig. 2, C and D) despite
lower bacterial loads (Fig. 2E). We then supplemented streptomycin-treated mice with
tributyrin (TB), a butyrate precursor, which has been used to restore epithelial hypoxia upon
streptomycin treatment (34, 35). TB supplementation partially restored epithelial hypoxia
(Fig. 2B) and partially reduced the concentration of MAIT ligands in the cecum (Fig. 2, C
and D). Thus, MAIT ligand production follows the oxygen concentration in the colon.

The oxygen-induced production of MAIT ligands can result from shifts in microbiota
composition favoring the outgrowth of strong MAIT ligand producers or from the response
of individual species to oxygen. A previous study reported reduced MAIT ligand production
by Escherichia coli grown aerobically as compared with anaerobically (36). To further
evaluate how oxygen exposure affects MAIT ligand production at the species level,

four species belonging to the main intestinal phyla (Bacteroides thetaiotaomicron, E.

coli, Clostridium perfringens, and Clostridioides difficile) and competent for riboflavin
biosynthesis (37) were grown anaerobically before exposure to air for 1 hour. Oxygen
exposure did not induce MAIT ligand synthesis (fig. S3C), suggesting that these

individual bacterial responses to oxygen are not a major source of MAIT ligands during
dysanaerobiosis.

Intestinal inflammation triggers riboflavin and MAIT ligand production by the microbiota

Because oxygenation of the colon lumen induces shifts in microbiota composition during
intestinal inflammation (38), we hypothesized that MAIT ligands could be overproduced
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by the microbiota during colitis. We used dextran salt sulfate (DSS) to induce colonic
epithelium injuries and inflammation (fig. S4A). Colitis was associated with a reduced
butyrate concentration in the cecum (Fig. 3A) and loss of PMDZ staining in the colon,
indicating reduced epithelial hypoxia (Fig. 3B). Accordingly, MAIT ligand concentrations
were increased in the ceca of DSS-treated mice (Fig. 3C), indicating overproduction of
MAIT ligands by the microbiota.

We then sequenced the cecal RNA and DNA contents to better define the bacterial
communities and functions associated with MAIT ligand production during colitis.
Metagenomic and metatranscriptomic analyses revealed the presence of mouse DNA and
RNA in the cecum lumen during colitis (Fig. 3D and fig. S4B). The expressed genes
matched granulocyte and phagocyte transcriptional signatures (Fig. 3E), suggesting that
innate immune cells crossed the inflamed intestinal epithelium and were released into

the lumen. We identified the up-regulated mouse and bacterial genes to determine how
intestinal inflammation shaped host-microbiota cross-talk. Multiple mouse genes involved
in antibacterial defense (NMos2, Lcn2, and antimicrobial peptides S100a8and S100a9),
innate immune responses (N/rp3, 1/1a, and //15), and oxidative stress resistance (glutathione
reductase Gsr, Slc7all, and Duspl) (Fig. 3F; fig. S4, C and D; and table S2A) were
up-regulated in the cecum lumen upon colitis, consistent with increased inflammation and
oxidative stress. In response, bacterial genes involved in resistance to antimicrobial peptides
and to oxidative stress (catalase-peroxidase, methionine sulfoxide reductase, catalase, and
cytochrome-c peroxidase, among others) were up-regulated in colitis (Fig. 3G, fig. S4E,
and table S2B), whereas genes involved in butyrate metabolism were down-regulated (fig.
S4F). The genes of the riboflavin biosynthetic pathway were also up-regulated in bacteria
during colitis (Fig. 3G), specifically ribBA and ribD, which control 5-A-RU production
(Fig. 3H). Quantification of riboflavin itself revealed increased concentrations in the ceca of
DSS-treated mice as compared with control mice, well above plasma levels (39), confirming
increased activity of this metabolic pathway in the gut during colitis (Fig. 3I).

Next, we analyzed the taxonomy of the microbiota at the DNA and RNA levels to determine
the microbial composition and transcriptional activity. Principal components analysis (PCA)
of bacterial DNA reads clearly distinguished mock- and DSS-treated mice (Fig. 3J),
indicating shifts in the microbiota composition induced by the treatment. Bacterial families
enriched at the DNA level were usually also enriched at the RNA level, suggesting that
most families were transcriptionally active (fig. S4G). In particular, Deferribacteres (family
Deferribacteraceae) were a minor component of the microbiota at steady state but were
enriched at the DNA and RNA level in DSS-treated mice (Fig. 3K and fig. S4H), indicating
that this phylum was expanded and transcriptionally active during colitis, in line with earlier
reports (31, 40, 41). Entero-bacteriaceae were also enriched in DSS-treated mice at both
DNA and RNA levels (table S2, C and D). We then analyzed the ribD transcripts to identify
bacteria contributing to MAIT ligand production during colitis. Whereas steady-state ribD
expression was dominated by Proteobacteria (family Desulfovibrionaceae), ribD was mostly
expressed by Deferribacteres (family Deferribacteraceae) during colitis (Fig. 3L and fig.
SA4l). M. schaedllerialone contributed 47% of the ribD expressed in colitis (Fig. 3M),
suggesting that this species is a major producer of MAIT ligands during colitis. 776D reads
from Bacteroides (family Bacteroidaceae) and \errucomicrobia (family Akkermansiaceae)
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were detected at the DNA level (Fig. 3L and fig. S41) but not the RNA level, suggesting
transcriptional regulation of /6D in vivo.

To assess the robustness of our findings, we reanalyzed a published metatranscriptomic
dataset from fecal bacteria upon Helicobacter hepaticus-induced colitis (42). Although the
colitis model and sampling locations were different, the riboflavin pathway genes were also
upregulated (fig. S4J). All of the genes controlling 5-A-RU production, including 76D, were
more expressed during colitis (P,gj < 0.01, fig. S4J). PCA of riboflavin biosynthesis gene
expression readily distinguished mice before and after colitis induction (fig. S4J), which
suggests that the riboflavin biosynthesis pathway activity can be used as a colitis marker
across experimental models.

MAIT ligands cross the intestinal barrier and activate MAIT cells in various tissues

MAIT ligands produced in the lumen may diffuse throughout the body because MAIT
ligands can rapidly cross the mouse skin (43). To assess whether the intestinal epithelium
is permeable to 5-OP-RU, a mixture of antigenic peptide (OVA3»3_339) and 5-OP-RU
metabolite was deposited into the lumen of intestinal explants from untreated mice and
incubated on top of antigen-presenting cell lines (fig. S5A). WT3-MR1 cells were used
for 5-OP-RU presentation, whereas mutuDC cells were used for Ova presentation (44).
After 10 min of incubation, colon explants were removed, and antigen-presenting cells
were incubated with 5-OP-RU-specific and Ova-specific TCR Tg T cells to evaluate the
presence of these ligands (fig. S5A). 5-OP-RU-specific, but not Ova-specific, TCR Tg T
cells became activated (Fig. 4A), which indicated rapid and efficient transfer of 5-OP-RU
across the whole intestinal wall ex vivo. This rapid passage of 5-OP-RU through the gut
wall was observed at a physiological dose (<10 pmol in the lumen). Given the hydrophilic
nature of 5-OP-RU, this result suggests the presence of an unknown transporter expressed by
intestinal epithelial cells.

To test whether MAIT cells sense ligands in vivo, we used B6-MAITCt mice, which
present an increased frequency of MAIT cells owing to a more frequent rearrangement

of the MAIT TCRa chain (45), crossed with the Air4aZ—green fluorescent protein (GFP)
reporter mouse in which TCR signaling drives GFP expression (46). We confirmed that
TCR, but not interleukin-12 (IL-12) and IL-18 stimulation, controls Ar4a1-GFP expression
in MAIT cells (fig. S5B). MAIT cells identified using the MR1:5-OP-RU tetramer (see
gating strategy in fig. S5C) represented 0.5 to 10% of T cells in the colonic lamina propria
in B6-MAITCat mice (Fig. 4B). At steady state, MAIT cells expressed Nr4al-GFP in the
colons, mesenteric lymph nodes (mLNs), and livers (fig. S5D), consistent with some ligand
production in the colon and transport of these ligands through the lymph and the blood.
DSS-induced colitis increased Nr4al-GFP expression in MAIT cells from the colon and also
from the mLN, liver, inguinal and brachial LN, and spleen (Fig. 4C and S5E), indicating
TCR-mediated activation across peripheral tissues. By contrast, intestinal inflammation had
no effect on Nr4a1-GFP expression in invariant natural killer T (iNKT) cells (Fig. 4C).
Colitis was also associated with increased numbers of MAIT cells in the colon (fig. S5F).
Thus, colitis drives expression of the riboflavin pathway in microbiota, resulting in MAIT
ligand production and in MAIT cell activation.
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Mice lacking MAIT cells are more susceptible to chronic colitis

TCR stimulation of MAIT cells in vitro triggers expression of tissue-repair mediators (19—
21), including the growth factor amphiregulin (Areg), which induces differentiation of
intestinal epithelial cells and protects against intestinal damage (47). To assess the effect

of TCR signaling on intestinal MAIT cells in vivo, we generated a conditional MR1 Tg
mouse (Lox-STOP-Lox-MR1, subsequently referred to as LSL-MR1) for Cre-mediated
overexpression of MR1 (fig. S6A). This strain was validated by crossing with CD11c-Cre
and confirming MR1 overexpression in dendritic cells (fig. S6B). The LSL-MR1 mouse was
then crossed with the villin-CreER mouse for inducible expression in intestinal epithelial
cells (48). Tg MR1 expression in intestinal epithelial cells had no effect on microbiota
production of MAIT ligands (fig. S6C) but elicited strong TCR signaling in MAIT cells
from the colon, but not the spleen and liver, as expected (Fig. 5A). Thus, the LSL-MR1 x
villin-CreER strain can help isolate the effect of TCR stimulation on colonic MAIT cells.
TCR signaling in colonic MAIT cells was sufficient to induce the production of Areg in vivo
(Fig. 5B), consistent with previous in vitro observations (19-21) and suggesting that TCR
stimulation of MAIT cells may promote epithelial repair.

To investigate the role of MAIT cells in colitis, we turned to a chronic DSS model,

which mimics intestinal inflammatory flares and can provide insights into adaptive immune
responses to colitis (49). To this end, B6-MAITCat mice on a Mr1*/* or Mr1~/~ background
[hence lacking MAIT cells (45)] were cohoused to allow for sharing of microbiota (49) and
then subjected to successive cycles of DSS treatments followed by a recovery phase (fig.
S6D). At the end of the last recovery phase, MAIT cells from colitic mice spontaneously
produced interferon-y (IFN-y), IL-17A, 1L-22, and Areg in the colon (Fig. 5C). IFN-y
promotes mucus secretion by goblet cells (50), where- as IL-17A and IL-22 stimulate
secretion of antimicrobial peptides and expression of tight-junction proteins in epithelial
cells (51), thereby reinforcing the epithelial barrier. To determine the role of MAIT cells

in chronic colitis, colons from Mr1** and Mr1~/~ mice were scored for inflammation and
histopathology upon chronic DSS treatment. MrZ~/~ mice experienced more severe weight
loss than MrI** counterparts upon chronic colitis (Fig. 5D). The presence of MAIT cells
was associated with reduced inflammatory cell infiltrates, improved epithelial architecture,
reduced hyperplasia (Fig. 5E), and reduced splenomegaly (fig. S6E). The numbers of INKT
and y8 T cells remained unchanged in the thymus and peripheral tissues in the absence of
Mr1 (fig. S6F), ruling out a potential compensatory expansion of these cells in the absence
of MAIT cells. Thus, MAIT cells likely protect against chronic intestinal inflammation.

Previous studies reported dysbiosis in MrZ~~ mice at steady state (52, 53), which may
contribute to the observed enhanced pathology in these mice during chronic colitis. To
characterize the effect of MrZ on the intestinal microbiota, fecal samples from cohoused,
nontreated Mr1* and Mr1~ B6-MAITCa! mice were compared by 165 rRNA sequencing
(rRNA-seq). We could not detect any bacterial family with changed abundance (Pygj <

0.01) between the two groups (table S3A). Samples clustered together by cage of origin
rather than by mouse genotype (Fig. 5F), indicating that the microbiota was not affected by
Mr1 at steady state. Thus, enhanced pathology in MrZ~/~ mice is likely independent of the
preexisting microbiota composition. To determine whether MAIT cells affect the microbiota
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composition upon colitis, samples from cohoused Mr1* and Mr1~~ B6-MAITCaSt mice
were analyzed by 16 SrRNA-seq after chronic colitis induction. Five bacterial families were
differentially abundant (P,qj < 0.01) between MrI* and Mr17!= mice with chronic colitis
(table S3B), and mice clustered by genotype rather than by cage of origin (Fig. 5G). The
families Bacteroidaceae and Enterobacteriaceae, which expand during colitis [table S2D and
(1)], were further expanded in MrZ~~ mice as compared with Mr1* controls (table S3B)
consistent with A7rZ~~ mice suffering worse colitis than MrI* mice. Thus, the lack of MAIT
cells during chronic colitis is associated with an expansion of bacterial families such as
Enterobacteriaceae, likely as a consequence of increased pathology.

In an attempt to demonstrate a direct protective effect of MAIT cells on DSS-induced colitis,
we transferred in vitro—expanded MAIT cells into CD3e ™~ mice. Unexpectedly, CD3e ™/~
mice were not protected against chronic colitis (fig. S6, G and H). This negative result

does not dismiss a protective effect of MAIT cells because technical caveats are numerous:
a possible modification of MAIT cells during in vitro expansion, a low number of cells
reaching the colon, or potentially incorrect localization of MAIT cells in the colon. The
microbiota may also be modified in CD3e ™/~ mice. Moreover, the protective effect of MAIT
cells may rely on triggering other T cells that are lacking in CD3e™~ mice or may be
counteracted by an increase in other immune cells compensating for the lack of T cells.
Because MrI* are less susceptible to colitis than MR1~/~ mice (Fig. 5D), this negative result
could also suggest that the protective effect of MAIT cells might be indirect.

Mice lacking MAIT cells are more susceptible to inflammation-induced CRC

Chronic intestinal inflammation is a risk factor for CRC. To define the role of MAIT cells in
colitis-induced CRC, colorectal tumors were induced in Mrz* and Mr1~/~ B6-MAITCast
mice using the azoxymethane (AOM) + DSS model, in which administration of the
carcinogen AOM is followed by three phases of DSS-induced colitis. Again, Mr1* and
Mr17!= mice were cohoused to normalize the microbiota before and during the experiment.
Colorectal tumors were enumerated 60 to 80 days after the last DSS cycle (fig. S7A).

Only mice receiving both AOM and DSS developed colonic tumors. MrZ~~ mice developed
higher numbers of rectal tumors than MrI* mice, strongly suggesting that MAIT cells
alleviate inflammation-driven colonic tumorigenesis (Fig. 6A). The presence of colorectal
tumors was not associated with increased frequencies or numbers of MAIT cells in the
colon (fig. S7B) or with the production of MAIT ligands (fig. S7C). TCR signaling was

not increased in MAIT cells from tumor-bearing mice (fig. S7D), indicating that MAIT
cells were not activated by microbiota-derived ligands at the time of euthanasia (i.e., 60 to
80 days after the last DSS cycle) in CRC-bearing mice. Furthermore, MAIT cells did not
provide protection against colorectal tumor development in an orthotopic model (fig. S7, E
and F), suggesting that the MAIT cell protective effect in the colitis-associated CRC model
was exerted by decreasing intestinal inflammation.

To define the transcriptional response of MAIT cells to chronic colitis, colonic MAIT
cells from control (AOM alone) or colitic (DSS-treated) mice were fluorescence-activated
cell sorting (FACS)-sorted and analyzed by single-cell RNA-seq. After quality control
and filtering, 2903 and 2584 MAIT cells from control and colitic mice, respectively, were
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retained and integrated for downstream analyses. Uniform Mani-fold Approximation and
Projection (UMAP) identified 13 clusters of cells (Fig. 6B). Genes differentially expressed
in each cell cluster were identified (table S4) and displayed in a heatmap (fig. S8A). Cell
clusters were then labeled according to the expression of known marker genes (fig. S8A).
The analysis identified a small subset of naive-like cells [expressing Se// (encoding CD62L),
Ccr7, and KIfZ] (cluster #7) (fig. S8A and table S3), MAITL1 cells (expressing 7bx21, Ifng,
and Cc/5) (cluster #11), and cycling cells (expressing proliferation genes such as Mki67)
(cluster #9) (Fig. 6C and fig. S8A). Except for the naive-like and MAIT1 cells, all cells
expressed a MAIT17 program, which was blended with a MAIT1 program in some cells
(fig. S8B). Partition of the cells according to their origin revealed a cluster of MAIT cells
uniquely present upon chronic intestinal inflammation (Fig. 6B, cluster 5) and characterized
by expression of anti-inflammatory (7g7b1 and Ct/a4) and cytotoxicity genes (Gzmb and
Srgn) (Fig. 6C, fig. S8A, and table S3). MAIT cells from the colitis-specific cluster were
also characterized by the expression of the key effector cytokines //17aand //22, with
well-documented beneficial effects on the intestinal epithelium during colitis (Fig. 6, C

and D) (51, 54-57). These MAIT cells also expressed a gene signature (described in table
S5) previously associated with tissue-repair functions (58) (Fig. 6E). In particular, MAIT
cells in colitis overexpressed the transcriptional regulator Hifla (Fig. 6C and table S4),
whose expression protects against colitis (59), and Furin (Fig. 6C and table S4), which
encodes a convertase essential for the maturation of anti-inflammatory pro-proteins such

as transforming growth factor—p1 (TGF-p1) (60). Furin controls the protective function

of regulatory T cells in the adoptive transfer model of colitis (60), suggesting that Furin
expression by MAIT cells may contribute to their protective functions. Thus, MAIT cells in
the inflamed colon express anti-inflammatory and tissue-repair genes, and mice lacking
MAIT cells are more susceptible to chronic colitis and colitis-induced CRC, strongly
arguing for a protective role of MAIT cells against colonic inflammation.

Discussion

Microbiota-derived MAIT ligands control MAIT cell development and functions (22, 43),
yet the bacterial species involved and the factors controlling MAIT ligand production in

the intestinal ecosystem are poorly defined. Here, we used metatranscriptomics coupled

to a sensitive bioassay to quantify MAIT ligands in distinct ecological niches of the

large intestine. At steady state, the genes of the riboflavin biosynthetic pathway were
expressed by mucosa-associated bacteria, and MAIT ligands were produced in the colon
mucosa. MAIT ligands were also abundantly synthesized in the colon lumens of mice

before weaning, during a developmental time window critical for MAIT cell seeding of the
skin (22). Colonic hypoxia is only established at weaning, and mucosa-associated bacterial
communities in adults are profoundly shaped by the oxygen emanating from the colon
epithelium, suggesting a link between oxygen availability and microbiota synthesis of MAIT
ligands. In line with this hypothesis, disruption of intestinal hypoxia using streptomycin
treatment increased production of MAIT ligands, whereas restoration of hypoxia using TB
reduced MAIT ligand production. Exposure of individual intestinal bacterial species to
oxygen did not induce MAIT ligand production, suggesting that oxygen-induced community
shifts, rather than individual bacterial responses, caused MAIT ligand production during
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dysanaerobiosis. Thus, oxygen may represent a key ecological factor explaining the
temporally and spatially segregated production of MAIT ligands observed in the colon.

The production of MAIT ligands during dysanaerobiosis appears particularly relevant in
the context of IBD, a condition associated with increased oxygenation of the colon (1, 2).
Experimental colitis was indeed associated with increased oxygen availability in the colon
lumen and with the expansion of aerotolerant and facultative anaerobic bacteria. Bacterial
genes involved in resistance to oxidative stress were induced by colitis, together with the
genes of the riboflavin biosynthetic pathway. Increased transcription of /b genes translated
into increased production of riboflavin and MAIT ligands upon DSS treatment. Although
85% of all bacterial species harbor the genes encoding a full riboflavin biosynthesis
pathway (61), only a handful of species expressed ribD in vivo. In addition, the increased
transcription of ribD in mucosa and during colitis was mainly driven by a single species (M.
schaedleri), which resided in the mucosa at steady state and bloomed during inflammation.
These observations support the hypothesis that MAIT ligands are primarily produced by
expanded aerotolerant bacteria during dysanaerobiosis. M. schaedleri can trigger colitis in
immunodeficient hosts (62) but also impart protection against Sa/monella infections (63).
Whether these functions involve the antigen-driven activation of MAIT cells remains to be
determined.

Given the ability of MAIT ligands to rapidly cross the intestinal epithelium, MAIT cells
may detect the earliest events of dysbiosis and provide an immediate effector response
(Fig. 6F). Intriguingly, colitis triggered TCR signaling in MAIT cells from all the studied
tissues, including non—gut-draining lymph nodes, consistent with the ability of 5-OP-RU
to travel across the body (43). MAIT cell activation in distant tissues may represent a
systemic surveillance strategy of intestinal inflammation, the implications of which remain
to be investigated. Because MAIT cell transcriptional features are shaped by their tissue

of residence (64), body-wide TCR activation as seen during colitis may result in local
production of mediators tuned to each tissue (65).

In patients with IBD, several groups observed decreased MAIT cell frequencies in blood
coupled with activation and recruitment of MAIT cells in inflamed lesions (11, 66), which
correlated with disease activity (66, 67). Because MAIT cells produce cytokines that can
be either deleterious [tumor necrosis factor-a (TNF-a) (67)] or beneficial [IL-17A and
IL-22 (11, 66, 67)] in patients with IBD, their role in the progression of the disease was
unclear in the absence of experimental manipulation. Our data establish that the presence
of MAIT cells is associated with reduced intestinal epithelial damage during chronic colitis
and reduced development of colitis-associated colorectal tumors. Chronic colitis induced
the expression of a tissue-repair transcriptional program in MAIT cells, in good agreement
with the proposed link between MAIT cell TCR stimulation and tissue-repair functions (19,
21). These results are in line with previous studies reporting weakened intestinal barrier
function in MrZ~~ mice (68, 69) and support a key role for MAIT cells in promoting
epithelial barrier integrity. The exact contribution of each MAIT-derived effector molecule
remains to be determined. Our results contradict a previous study reporting worse pathology
in Mr1*™* mice as compared with Mr1~/~ mice in the oxazolone model of colitis, in which
inflammation is triggered by immunization against microbiota antigens (69). The apparent

Sci Immunol. Author manuscript; available in PMC 2024 July 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

El Morr et al.

Page 12

discrepancy may derive from the models used (acute in the case of oxazolone colitis versus
chronic in our model). In addition, interpretation of the results from Yasutomi et a/. (69)

is complicated by the use of a lower oxazolone dose for some of the control mice, which
were more susceptible to colitis because they originated from commercial vendors, whereas
Mr1~'= mice were produced in house. Thus, colitis severity in that study may be primarily
determined by the microbiota instead of by MAIT cells. In conclusion, we highlight a
specific function of MAIT cells in the colon: monitoring the activity of a microbial
metabolic pathway indicative of intestinal inflammation to provide anti-inflammatory and
tissue-repair mediators in return.

Materials and Methods

Study design

Mice

Before inclusion in experimental groups, mice from different litters were cohoused or cage
contents were mixed for at least 2 weeks to normalize the microbiota. Individual mice were
randomly assigned to experimental groups. The assessment of colitis and CRC severity was
performed by scientists blinded to mouse genotypes (MrZ* or Mr1'~), which remained
concealed until pathology measurements were completed. The number of independent
experiments performed, /A, is indicated in the figure legends.

C57BL/6J (B6) and B6-CD45.1 mice were purchased from Charles River Laboratories.
iVa19 and iVa19 VB8 TCR Tg Ca™'~ B6 mice, WT, and MrZ~~ B6-MAITC! mice have
been described (24, 45, 70). Nr4al-eGFP mice (46) were imported from the MMRRC (UC
Davis). OTII mice (71) were maintained on an RAG™~ background. All mice were bred and
maintained on a standard chow diet in specific pathogen—free conditions at Institut Curie.
All experiments were performed according to national and international guidelines and
were approved by the Institut Curie Ethic committee (APAFIS #25203-2020042318109119,
#24245-2020021921558370, #10168-2017060909448377, and #26939-2020082515024782
v1). To generate the Lox-stop-Lox-MR1 (LSL-MR1) Tg mouse, a DNA segment containing
a stop cassette flanked with loxP sites upstream of the murine MrZ gene was prepared

by digestion of the pOD2G-LS CAGGS [7279 base pairs (bp)] plasmid (72) (a gift from

J. J. Moon, Massachusetts General Hospital) with the enzymes Hindlll and Spel allowing
the insertion of a full-length MR1 cDNA. Efficient induction of MR1 protein expression
under the control of the chicken actin promoter was validated in human embryonic kidney
293 cells cotransfected with a Cre expression vector. The construct was then injected into
pronuclei of fertilized C57BL6/N oocytes. Founders were crossed with Tg mice bearing
either a CD11c-Cre transgene (73) or a tamoxifen-dependent Cre recombinase expressed
under the control of the villin promoter (48).

Antibiotic treatments, colitis induction, and tamoxifen administration

Female mice aged 6 to 10 weeks at the start of the experiments were used. For microbiota
depletion, B6/J mice were given four antibiotics [vancomycin (0.5 g/liter, Mylan), ampicillin
(10 g/liter, Coophavet), metronidazole (1 g/liter, B Braun), and neomycin (1 g/liter,
Coophavet)] in drinking water supplemented with 2% sucrose for 7 days. Fresh antibiotic
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solutions were provided after 3 days of treatment. Streptomycin (2.5 mg/ml, Sigma-Aldrich,
S9137) was provided for 4 days in drinking water supplemented with 2% sucrose. When
indicated, streptomycin-treated mice also received TB (5 g/kg) (Sigma-Aldrich, T8626)

by oral gavage each day for 4 days. For fungal depletion, fluconazole (0.5 mg/ml, Sigma-
Aldrich) was provided in the drinking water for 7 days.

Acute colitis was induced in B6/J mice by adding 2% (w/v) DSS (molecular weight: 36,000
to 50,000 Da; MP Biomedicals) to the drinking water for 7 days or until the mice had

lost 15% of their initial weight. For modeling chronic colitis, B6-MAITC3! mice received
successive 5-day DSS treatments, each with increasing DSS concentrations, followed by

4 days with water only. Cohoused Mr1** and MrI~~ mice received three cycles of

DSS before clinical pathology assessment. Pathology assessment was performed by an
investigator blinded to the mouse genotypes. Mr1** mice received four or five cycles until
the mice had lost weight for 2 consecutive weeks before phenotypic analyses of MAIT cells.
Control groups (mock) received only water. For inducible MR1 overexpression, all mice
were injected intraperitoneally with 2 mg of tamoxifen (T5648, Sigma-Aldrich) in a corn
oil-ethanol mixture once per day for 3 consecutive days. Tissues were collected 24 hours
after the last injection.

The AOM/DSS model (74) was used as a model of colitis-induced CRC. Male and female
Mr1* and Mr1~~ B6-MAITCa! mice aged at least 12 weeks were cohoused for at least 2
weeks before the start of the experiment to normalize the microbiota. The mice received

a single intraperitoneal injection of saline or of azoxymethane in saline (10 mg/kg, Sigma-
Aldrich, A5486-25MG). Mice were then treated three times with AOM DSS (2.5%) in the
drinking water for 4 days, followed by 17 days on water. The first DSS treatment started

4 days after AOM injection, and mice were euthanized 110 to 130 days later. Colonic and
rectal tumors were counted by an investigator blind to the mouse genotypes. For orthotopic
CRC development, cohoused female B6-MAITCat Afr1* or Mr1~/~ mice aged 12 to 18
weeks were anesthetized and implanted intrarectally with 2 x 108 MC38 cells. Colorectal
tumors were counted 11 days later by an investigator blinded to the mouse genotypes.

Cell isolation

Spleens were mashed over a 40-um cell strainer to create single-cell suspensions followed
by red blood cell lysis. Livers were mashed over a 100-um cell strainer and centrifuged
over Histopaque 1077 (Sigma-Aldrich) layers to isolate the lymphocyte-containing fraction.
Colons were opened longitudinally and cut into approximately 0.5-cm pieces. Dissociation
of epithelial cells was performed by incubation with constant stirring in Hanks’ balanced
salt solution (HBSS) without Ca/Mg (Life Technologies) containing 5 mM EDTA (5 mM;
Thermo Fisher Scientific), dithiothreitol (1 mM; Euromedex), and 5% fetal calf serum
(FCS) twice for 20 min at 37°C. After each step, samples were vortexed and the epithelial
fraction discarded. Tissue fragments were then washed in HBSS, and enzymatic digestion
was performed in CO,-independent medium (Life Technologies) containing collagenase

D (1 mg/ml; Roche), Liberase TM (0.17 U/ml; Roche), and deoxyribonuclease (DNase

I, 100 pg/ml; Roche) on a shaker for 30 min at 37°C. Colon fragments were then
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dissociated with a gentleMACS dissociator according to the manufacturer’s instructions
(Miltenyi). Lymphocytes were collected at the interface of a 409%/80% Percoll gradient (GE
Healthcare).

Tetramers and flow cytometry

CD1d tetramers loaded with PBS-57 and conjugated to BV421, and MR1 tetramers loaded
with 5-OP-RU (75) and conjugated to phycoerythrin were provided by the National
Institutes of Health (NIH) tetramer core facility (Emory University). Cell suspensions
prepared from various tissues were stained in phosphate-buffered saline (PBS), 2% FCS,
and 2 mM EDTA complemented with rat anti-mouse CD16/CD32 antibody (clone 2.4G2
produced in house) to block nonspecific binding to the Fcy receptor. Tetramer staining was
performed at room temperature for 30 min. Surface staining was performed at 4°C with
fluorescently labeled antibodies and fixable viability dye eFluor780 (eBioscience, Hatfield,
UK). MR1:5-OP-RU-specific TCR Tg T cells were identified as shown in fig. SIA. MAIT
and iNKT cells were identified as shown in fig. S5C. A list of the antibodies and reagents
used in the study is provided in table S6.

Fixation and permeabilization were performed for intranuclear staining (FoxP3 staining
kit; eBioscience) and intracytoplasmic staining (Cytofix/Cytoperm kit; BD Biosciences)
according to the manufacturer’s instructions. For intracytoplasmic staining, cells were
cultured for 3 hours at 37°C in complete RPMI 1640 in the presence of GolgiPlug
(1:1000; BD). Cultured cells were subsequently stained for surface antigens as above.
Cells were fixed and permeabilized, washed, and incubated for 30 min at 4°C with anti—
IL-17 (TC11-18H), —IL-22 (IL22JOP), and —IFN-y (XMGL1.2). Cells were then stained
overnight with anti-Areg-biotin (BAF989) followed by fluorescein isothiocyanate— or
BV605-conjugated streptavidin. In some experiments, non-fixed dead cells were stained
with 4”,6-diamidino-2-phenylindole (DAPI)-staining solution and directly analyzed by
flow cytometry. Cells were acquired on Cytoflex (Beckman), LSRII (BD Biosciences), or
Fortessa (Becton Dickinson), and the results were analyzed with FlowJo VV10.2 (Treestar).

Single-cell RNA-seq

Mice injected with AOM or treated with DSS (nine mice per group) were euthanized 53
days after AOM injection or 3 days after the end of the third DSS treatment. Colon MAIT
cells were identified as live CD11¢"B220"CD19 TCRb*CD44*MR1:5-OP-RU tetramer*
and FACS-sorted into PBS containing 0.04% sterile bovine serum albumin (Sigma-Aldrich)
using the BD FACSArialll. Sorted MAIT cells were counted and processed for 3" v3
single-cell RNA-seq according to manufacturer’s instructions (10X Genomics). Reads were
aligned to the mm10 genome using CellRanger (6.0.0) and analyzed by Seurat (4.1.0)
package in R (4.1.0). Contaminating cells (B lymphocytes, macrophages, and epithelial
cells) and cells with high mitochondrial content were filtered out. Data were normalized
using default parameters. The 2000 (AOM) and 3000 (DSS) most variable features were
selected. Both datasets were integrated using default parameters without the SC transform
option. Reduction of dimensions was performed using 30 principal components and a
resolution of 0.8. Differential expression (DE) analysis was performed on assay RNA using
the classical DE function FindAllMarkers(), but using logistic regression and taking into
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account batch effect in the logistic regression model. To compute a tissue-repair score, we
aggregated the expression of the following genes [(58) and table S5]: Hbegf, Csf2, Mmp25,
Cxcl10, Areg, Jagl, Tnf, Pdgfb, Tgfb3, Cxcl2, Furin, 1116, Tgfbl, Hifla, Thbsi, \egfb,
Hmgb1, Ptges2, and Displ.

5-OP-RU preparation

5-A-RU was synthesized as described (7, 76). For preparation of 5-OP-RU, 5-A-RU was
incubated with a fourfold excess of methylglyoxal (Sigma-Aldrich) for 10 min at room
temperature.

In vitro validation of the Nr4al-eGFP mouse

Splenic T cells from a Tg Nr4al-eGFP mouse were isolated by negative cell enrichment
using the Magnisort mouse T cell enrichment kit (Thermo Fisher Scientific). Isolated cells
were cultured at a density of 20 x 108/ml in complete RPMI 1640 and stimulated with either
recombinant mouse IL-12 (10 ng/ml) and IL-18 (12.5 ng/ml) or with 10 nM 5-OP-RU in
the presence of the murine embryonic fibroblast cell line WT3 engineered to overexpress
MR1 (25) (WT3-MR1 cells, 5 x 108/ml) for 16 hours at 37°C. GolgiPlug was added during
the final 6 hours of culture. MAIT cells were then analyzed for NVr4a1-GFP expression and
IFN-y production.

In vitro detection of MAIT ligands

To detect intestinal MAIT ligands, 100 mg of luminal contents was collected from the
cecum or colon. Feces were collected from cage floors immediately after defecation.
Samples were weighed, dissolved in complete RPMI 1640 medium (RMPI without folic
acid supplemented with 10% FCS, penicillin, and streptomycin), and kept on ice. Tubes
were vortexed to homogenize the mixture and centrifuged at maximum speed for 1

min at 4°C. Supernatants were filtered through a 0.22-um—pore-size filter and loaded at
different dilutions on 10° WT3-MR1 cells for 2 hours and 30 min at 37°C. WT3-MR1

cells, a mouse embryonic fibroblast cell line engineered to overexpress MR1, have been
described elsewhere (25). WT3-MR1 cells were then washed and cocultured overnight at

a 1:1 ratio with total splenocytes from a Va19 TCR Tg Ca™/~ or Va19VB8 TCR Tg

Ca '~ mouse. TCR Tg splenocytes were also incubated with unloaded WT3-MR1 cells

to measure background activation. Cells were then harvested and stained for CD25 and
CD69 expression on 5-OP-RU:MR1-specific T cells. The resulting activation was internally
normalized to the unloaded condition (unloaded WT-MR1 cells). In each experiment, MAIT
ligand concentrations were estimated using a standard curve prepared with serial dilutions of
synthetic 5-OP-RU. For comparing lumen and mucosal samples, 50 mg of luminal contents
and 50 mg of mucosal scrapings were sampled by scraping biomass from intestinal walls
with a sterile scalpel. Samples were then processed as described for luminal contents. For
comparing 2-week-old and 3-month-old samples, 15 mg of colon contents was harvested
from both groups and processed as described above for luminal contents.
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Intestinal permeability to 5-OP-RU

Seventy-five microliters of PBS containing 12 nmol of OVA 323-339 peptide (Invivogen)
mixed with the indicated amount of 5-OP-RU (0.1 to 100 pmol) was introduced into

the lumens of freshly isolated colons from healthy mice using a p200 pipette. Colon
segments were then immersed in complete RPMI 1640 medium at 37°C in a well on top of
mixed MutuDC (44) and WT3-MRL1 cells for OVA and 5-OP-RU presentation, respectively.
As a positive control, ligand solutions were also added directly on top of mixed antigen-
presenting cells. Colon segments were removed from the wells after 10 min of incubation.
For the measurement of antigen presentation, splenocytes from a Va19 TCR Tg Ca ™~
mouse and from an OTI1-Rag2~/~ mouse were cultured overnight with antigen-presenting
cells at, respectively, 1:1 and 1:10 ratios. 5-OP-RU-specific and Ova-specific splenocytes
were identified as MR1:5-OP-RU tetramer* and Va2* T cells, respectively, and analyzed for
surface expression of CD25 and CD69.

Intestinal sample collection for nucleic acid extraction

Immediately after euthanasia, luminal contents and mucosal scrapings were collected from
the cecum. Cecal contents were resuspended in RLT lysis buffer (Qiagen) supplemented
with acid-washed glass beads (Sigma-Aldrich). Bacteria were lysed using a Fast Prep bead
beater (MP Biomedicals) (three times 1 min at 6.5 m/s). Total DNA and RNA were purified
using the AllPrep DNA/RNA Kit (Qiagen). On-column DNA digestion was performed
before RNA elution.

16S rRNA gene PCR amplification and sequencing

16 STRNA gene sequencing was performed in house or at the University of Minnesota
Genomics Center with similar results. In-house library preparation was performed as
described (77). Briefly, a single polymerase chain reaction (PCR) step was used for
amplification of the VV3-V4 region of the 16 STRNA gene and for dual-index labeling of
each sample. PCR amplification was performed using the Accuprime Pfx DNA polymerase
(Thermo Fisher Scientific). PCR products were purified (AMPure XP beads, Beckman
Coulter) and sequenced on MiSeq (Illumina, USA) to generate paired-end 300-bp reads.

To study the effect of MrZ on the microbiota at steady state, the VV3-V4 region was
amplified (using the Accuprime Pfx DNA polymerase) from DNA isolated from the feces
of cohoused Mr1*'~ and Mr1~~ B6-MAITCa! mice. PCR products were purified on agarose
gels (1.5%) using the Qiaquick gel extraction kit (Qiagen). After gel extraction, sequencing
was performed on MiSeq (Illumina, USA) to generate paired-end 300-bp reads.

Bioinformatic analysis of 16S rRNA-seq data

Adapter sequences were trimmed from the raw fastq files using Cutadapt v 2.10 (78).

Reads were further corrected for known sequencing error using SPAdes (v3.14.1 — PMID:
32559359) and then merged using PEAR (v0.9.11 — 24142950). Amplicon sequence
variants (ASVs) were identified using a Vsearch pipeline (v2.21.1 — 27781170) designed

to dereplicate (--derep_prefix —minuquesize 2) and cluster (--unoise3) the merged reads and
to check for chimeras (uchime3_denovo). Taxonomic classification of ASVs was performed
using the classifier from the RDPTools suite (v2.13 — 24288368). Representative ASV
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sequences were taxonomically assigned using the RDP classifier with an SAB score =
0.5. Downstream analyses and visualization were performed in the R environment v 4.0.4
(R Core Team 2019). Metabolic pathway abundance in each sample was predicted using
PICRUSI2 (79), and differentially abundant pathways were identified using LEfSe (80).

Metatranscriptomic and metagenomic data generation

For metatranscriptomic analyses, total RNA was prepared from the cecum mucosa and
lumens of six nontreated mice and from the cecum lumens of eight untreated mice

and eight mice treated with 2.5% DSS for 7 days followed by 2 days on water. DNA

was also isolated from the cecum lumens of the same mock- and DSS-treated mice for
paired metagenomic analyses (see below for metagenomic library preparation). Sequencing
libraries were prepared from DNase-treated total RNA using the Illumina Stranded Total
RNA Prep Ligation with Ribo-Zero Plus kit. Indexed libraries were sequenced (SR100) on
a NovaSeq (Illumina). A total of 23 to 80 million reads (mean 54.4 + 15.3 million) were
obtained for each library.

For metagenomic analyses, sequencing libraries were prepared from cecum lumen DNA
using the KAPA HyperPrep Library PCR-Free kit (Roche). Indexed libraries were sequenced
(SR100) on a NovaSeq (lllumina). A total of 5.4 to 71 million reads (mean 42 + 22 million)
were obtained for each library.

Metatranscriptomic and metagenomic data analysis

Single-end reads were quality checked and trimmed using

TrimGalore v0.6.6 (https://github.com/FelixKrueger/TrimGalore). Host reads

were identified by aligning metatranscriptomes and metagenomes against

the mouse genome (http://ftp.ensembl.org/pub/release-102/fasta/mus_musculus/dna/
Mus_musculus.GRCm38.dna.primary_assembly.fa.gz) using STAR v2.7.7 (81). Ribosomal
reads were removed from metatranscriptomic datasets using sortmerna v4.2.0 (82). Last,
the remaining nonhost nonribosomal reads were mapped against the iIMGMC mouse gene
catalog (83) using bwa v0.7.17-r1188 with default parameters. Read counts aligned to the
iMGMC gene catalog were obtained from bam files processed with featureCounts v2.0.1
(84). Only genes with at least 50 total reads were selected for downstream analyses. For
analysis of microbial gene expression, reads were binned by KEGG categories at the level
of metabolic pathways or at the level of genes. The binned features (either pathways or
genes) were then used as input in DESeq2 (85) to identify differentially abundant features,
which were displayed in heatmaps using the pheatmap R package v 1.0.12. The same
analysis pipeline was applied to the published metatranscriptomic dataset (42) stored under
the accession number E-MTAB-4082 and downloaded from EBI ENA. To predict which
mouse cells were present in the cecum during DSS treatment, the top 200 mouse transcripts
with increased abundance in the ceca of DSS-treated mice were used as input in the Immgen
Microarray v1.

Estimation of bacterial number in intestinal samples

Total bacterial numbers from intestinal samples were estimated by TagMan quantitative
PCR (gPCR) quantification of bacterial 16 STRNA (LightCycler 480 Instrument II,
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Roche). The universal 16 SrRNA gene primers and probe sequences used in this

study were as follows (86): 16 S Forward: 5’ TGGAGCATGTGGTTTAATTCGA3'.
16SReverse: 5’ TGCGGGACTTAACCCAACAS’. Probe: 5"CACGAG
CTGACGACA(AG)CCATGCA3’. A standard curve was built using £. coli MG1655 DNA
to convert the threshold cycle (Ct) values into colony-forming unit equivalents.

SCFA analysis

Short-chain fatty acid (SCFA) analysis was carried out as described previously (87), with
slight modifications. Samples were water-extracted, and proteins were precipitated with
phosphotungstic acid. A volume of 0.3 pl of the supernatant fraction was injected into a
gas-liquid chromatograph (Agilent 6890; Les Ulis, France) equipped with a split-splitless
injector, a flame-ionization detector, and a capillary polyethylene glycol column (15 m

by 0.53 mm, 0.5 um). The carrier gas (H») flow rate was 10 ml/min, and inlet, column,

and detector temperatures were 200°, 100°, and 240°C, respectively. Between each sample
injection, the column was cleaned by increasing the temperature from 100° to 180°C (20°C/
min) followed by holding at 180°C for 2 min before returning to 100°C for the next analysis.
2-Ethylbutyrate was used as an internal standard. Samples were analyzed in duplicate. Data
were collected and peaks integrated with the OpenLab CDS Chemstation Edition software
(Agilent, Les Ulis, France).

Riboflavin dosage

Cecum contents from eight untreated mice and seven mice treated with 2.5% DSS for 7
days were harvested, weighed, and dissolved in water. After centrifugation (14,000 rpm, 5
min, 4°C), supernatants were passed through a 0.22-um filter and analyzed by reverse-phase
high-performance liquid chromatography following a method adapted from Lopez-Anaya et
al. (88). Briefly, samples were diluted 1:20 in distilled water and then 1:2 in acetonitrile.
Diluted samples were vortexed for 1 min followed by centrifugation (4000 rpm, 10 min,
12°C). Supernatants were transferred into glass tubes and mixed with 2 ml of chloroform
followed by vortexing for 1 min. Samples were centrifugated (4000 rpm, 10 min, 12°C), and
20 ml of supernatant was injected on a Uptisphere C18 ODB-15QK 3 m 4.6 by 150 mm
column (Interchim) with isocratic elution mode at 1 ml/min. The mobile phase contained
700 ml of buffer (1.35 g of potassium phosphate and 1 g of ammonium acetate in 700 ml of
water) and 300 ml of acetonitrile (potassium phosphate 10 mM and ammonium acetate 12.3
mM). Riboflavin was detected by fluorescence after excitation at 445 nm and detection at
530 nm. The retention time of riboflavin was about 8 min.

Detection of intestinal hypoxia

PMDZ (Sigma-Aldrich) was administered at 60 mg/kg by intraperitoneal injection 1 hour
before euthanasia. Colon samples were fixed in formalin solution 10% neutral buffer
(Sigma-Aldrich). Paraffin-embedded sections were blocked with protein block (Dako,
X0909) and treated with avidin/biotin blocking reagents (Dako, X0590) followed by
overnight incubation at 4°C with either biotinylated or purified mouse monoclonal anti-
PMDZ antibody (Hypoxyprobe-1) at 1.2 pg/ml according to the manufacturer’s instructions.
Sections stained with purified anti-PMDZ primary antibody were then incubated for 30 min
with biotinylated anti-mouse immunoglobulin G secondary antibody (Vectastain). Negative

Sci Immunol. Author manuscript; available in PMC 2024 July 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

El Morr et al. Page 19

control sections were treated identically except that primary antibody was substituted
with control antibody (BD) for overnight incubation. All sections were then incubated
for 30 min with Alexa546-conjugated streptavidin (Thermo Fisher Scientific). Tissues
were counterstained with DAPI. PMDZ staining was quantified using Fiji and plotted as
fluorescence intensity per 400 pm2.

Individual bacterial cultures

All bacterial strains were first grown anaerobically (5% H,, 5% CO,, 90% N»). C. difficile
630Aerm (89), C. perfringens SM101 (90), and £. coli MG1655 (91) were grown in brain
heart infusion (BHI, Difco), and B. thetaiotaomicron \/P1-5482 (92) (collection of S. Rabot,
INRAE, Jouy en Josas, France) was grown in M17 (Difco) supplemented with glucose 0.5%
and hemin 5 uM (Sigma-Aldrich). An overnight liquid preculture was diluted in 10 ml of
fresh medium (1/1000 for £. coliand C. perfringensand 1/50 for the other strains) and
grown anaerobically until late exponential growth phase. After 3 hours for £. coliand C.
perfringens, 8 hours for B. thetaiotaomicron, and 6 hours for C. difficile, cultures were
distributed in 24-well plates, 1 ml per well, and placed in air at 37°C. Culture supernatants
were harvested after 0 and 60 min of air exposure and fast-frozen in liquid nitrogen.

MAIT ligands were quantified in 0.22-um filtered supernatants using the MAIT ligand
quantification bioassay.

Assessment of intestinal pathophysiology

In chronic DSS experiments, the spleen and colon were isolated from each mouse.
Individual spleen tissues were weighed. The entire colon was fixed in formalin solution 10%
neutral buffer, embedded in paraffin, and stained with hematoxylin and eosin (H&E). H&E-
stained sections of the colon were analyzed for colitis severity in an investigator-blinded
manner. Epithelial damage (architectural lesion), inflammatory cell infiltration, and crypt
length were scored using the histopathological scoring system described previously (93).

Statistical analyses

Statistical analyses and graphical representations related to the microbiome pipeline were
conducted in R (v 4.0.4) (R Core Team 2019) with the R package ggplot2 v 3.2.0. All other
statistical analyses were performed with Prism software (GraphPad). Two-tailed Pvalues
were determined using Wilcoxon’s and Mann-Whitney’s tests for paired and nonpaired
samples, as appropriate. A false discovery rate of 1% was calculated for multiple #tests and
multiple Mann-Whitney’s tests using the two-stage step-up method of Benjamini, Krieger,
and Yekutieli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Bacterial production of MAIT ligandsin the colonic mucosa.
(A) activation of MR1:5-OP-RU-specific TCR Tg T cells after coculture with WT3 or

WT3-MR1 cells pulsed with colon luminal contents at the indicated dilutions (n= 3 mice
per group; data pooled from /= 2). *P< 0.05, **P< 0.01, and ***P< 0.001 by unpaired
multiple ¢tests with a false discovery rate (FDR) = 1%. UD, undiluted. (B) left, MR1:5-
OP-RU-specific TCR Tg T cell activation after coculture with WT3-MR1 cells pulsed
with filtered luminal contents from control or antibiotic-treated mice. Right, MAIT ligand
concentrations expressed as 5-OP-RU equivalent (7= 3 to 5 mice per group; representative
of M= 2). the dotted line indicates TCR Tg T cell activation in the absence of intestinal
contents. *P < 0.05 by unpaired multiple Mann-Whitney Utests with an FDR = 1%. (C)
Estimation of cecal bacterial numbers by gPcR amplification of the 16 SrRna gene (data
pooled from A/=2). *P< 0.05 by paired Wilcoxon test. (D) top, MR1:5-OP-RU—-specific
TCR Tg T cell activation after coculture with WT3-MR1 cells pulsed with lumen or mucosal
cecal contents. Bottom left, relative expression of CD25 and CD69 by MR1:5-OP-RU-
specific TCR Tg T cells in the indicated conditions (means + SEMs, 7= 9 or 10 mice;
data pooled from /= 2). **P < 0.01 by paired multiple #tests with an FDR = 1%.

Bottom right: Mait ligand concentrations expressed as 5-OP-RU equivalent. **P< 0.01 by
paired Wilcoxon test. (E) abundance of the indicated phyla in the cecum. columns indicate
individual mice. (F) Differentially expressed metabolic pathways between the lumen and
mucosal bacterial communities [P,qj < 0.001 by Mann-Whitney U'test, log fold change
(LFC) > 0.5]. (G) top, riboflavin biosynthetic pathway gene expression in the cecal lumen
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and mucosa (Pagj < 0.05 by Mann-Whitney U'test). Bottom, scheme of the riboflavin
biosynthesis pathway. (H) taxonomy of total (left) and ribD (right) bacterial transcripts in
the lumen and mucosa. (1) Species-level taxonomy of ribD transcripts in the lumen and
mucosa.
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Fig. 2. Dysanaerobiosis drives microbiota production of MAIT ligands.
(A) cecal butyrate concentrations in control (vehicle) and streptomycin (strpt)—treated mice.

n= 8 mice per group, V= 1. ****P< (0.0001 by unpaired Student’s ¢test. (B) left, PMDZ
adduct (red) and DaPi (blue) staining at colon epithelial surfaces (each dot summarizes
data from one mouse). White bars represent 100 um. Representative of V= 2. **P< (.01
by unpaired Student’s ftest. (C) MR1:5-OP-RU-specific TCR Tg T cell activation after
coculture with WT3-MR1 cells pulsed with cecal contents from the indicated mice (7= 14
mice per group; data pooled from /= 3). ***P< 0.001, **P< 0.01 by unpaired multiple
ttests with FDR = 1%. (D) MAIT ligand concentrations expressed as 5-OP-RU equivalent
(n=14 mice per group, data pooled from N = 3). **P< 0.01 and ****P< 0.0001 by
unpaired Mann-Whitney U'tests. (E) qPCR-based estimation of cecal bacterial numbers in
the indicated mice. 7= 8 mice per group, N=1. **P< 0.01 by unpaired Mann-Whitney
test.
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Fig. 3. Intestinal inflammation triggersriboflavin and MAIT ligand production by the
microbiota.

(A) cecal butyrate concentrations in control (mock) and DSS-treated mice. 7= 8 mice, N=
1. ***P < 0.001 by unpaired Student’s ¢test. (B) left, PMDZ adduct (red) and DNA (blue)
staining in the colon. White bars represent 100 pm. Right, quantification of PMDZ staining
at colon epithelium surfaces (each dot summarizes data from one mouse. Data representative
of N=2.**P<0.01 by unpaired Student’s ttest. (C) left, MR1:5-OP-RU—-specific TCR

Tg T cell activation after coculture with WT3-MR1 cells pulsed with cecal contents from
control or DSS-treated mice (means + SEMs, /7= 3 mice per group, representative of
N=2).*P<0.05 by unpaired multiple ftests with an FDR = 1%. Right, Mait ligand
concentrations expressed as 5-OP-RU equivalent (7= 6 mice per group, data pooled from N/
=2). **P<0.01 by unpaired Mann-Whitney Utest. (D) Percentage of mouse transcripts in
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ceca from the indicated mice. *£< 0.05 by unpaired Mann-Whitney Utest. (E) Predicted
cell-type enrichment in the cecum lumen upon DSS treatment (see Materials and Methods).
(F) Differentially expressed mouse genes in the cecum lumen upon DSS treatment. (G)
Bacterial metabolic pathways differentially expressed between control and DSS-treated mice
(Padj < 0.01 by Mann-Whitney Utest, LFC > 0.5). (H) Differentially expressed riboflavin
biosynthetic pathway transcripts between control and DSS-treated mice (Pyqj < 0.01 by
Mann-Whitney U'test). (1) cecal riboflavin concentration (7= 7 or 8 mice per group,
representative of V= 2). the dotted line indicates the plasma riboflavin concentration at
steady state. ***£ < 0.001 by unpaired Student’s #test. (J) PCA of cecal DNA reads at the
family level in control and DSS-treated mice. (K) Phylum-level taxonomy of total bacterial
DNA (left) or RNA (right) reads from the cecum. (L) Phylum-level taxonomy of ribD DNA
(left) or RNA (right) reads from the cecum. (M) Species-level taxonomy of 77bD transcripts.

Sci Immunol. Author manuscript; available in PMC 2024 July 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

El Morr et al.

Antigens
None In well In colon lumen
7.57 . 76.1| » 5.76
| . il
; "'33‘1* Ova-specific
s I TCRTgT cells

5-OP-RU-specific
TCRTgT cells

CD69-PECy7-

CD25-APC —

@

Gate: MAIT cells

Liver

mLN
l |
-3
E -
Na i
o\o * T
Nr4a1-GFP
Gate: iINKT cells
mLN Spleen
L
© |
£
N
R GwTew 7
Nr4a1-GFP

% CD69* CD25*

10" 100 10' 102
5-OP-RU deposited
in lumen (pmoles)

1001 -e- 5-OP-RU-specific TCR Tg T cells
80 & Ova-speciﬁg J’CR Tg T cells
[ J

Ova peptide: 12 nmoles

*%

%105 ® Mock £
® DSS

& ko = 5 ’
Sl g = 2 88
o 10t = ‘l ity
Y ¢ ' | | A
< # L
= [ ]
<
S1031l— r — T T

Spleen | +B Liver mLN Colon

LN
gm5 ® Mock
o ® DSS
ns

(L|5 ns ns L
T;:m“ a8 = 5 , -
i ! 2
= ol H 2%
= O A®
. A n

108 T T
Spleen | +B
LN

Liver mLN Colon

cp4s-Apccy7— 0

Exp.1
Exp. 2
Exp. 3

Exp.1
Exp. 2
Exp. 3

MR1:5-OP-RU-PE tetramer—»

Page 31

B6.MAITCast

Mrt= MrT*

k- 3

w0

B6.MAITCast Mr1+

100
=
»n 10
o) -f-
o oy
'_
= 1 e
E [ ]
0.1

Fig. 4. MAIT ligands crosstheintestinal barrier and are presented to MAIT cellsin various
tissues.
(A) TCR Tg T cell activation in the indicated conditions. Data were pooled from N/ = 2,
**pP < 0.01 by paired multiple ftests with FDR = 1%. (B) identification of Mait cells from
the colon lamina propria of B6-MAITC3! mice. Pooled data from N = 3. (C) Nr4al-GFP
expression in MAIT (top) and iNKT (bottom) cells. Data pooled from /= 3. ns, P> 0.05,
*P<0.05, **P<0.01, and ***P< 0.001 by unpaired multiple Mann-Whitney tests with

FDR

=1%.

Sci Immunol. Author manuscript; available in PMC 2024 July 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

El Morr et al. Page 32
A Villin-CreER+ B Villin-CreER+ 2 %
5 —_— o
MASIEI:ZIrLS Liver Colon _ "7 e LsLaRt- |—§ LSL-MR1- LSL-MR1+
Villin-CreER+ & o ® LSL-MR1+ ° 333 182 <§t
g —LSL-MR1- a8 PR i g o
B A e B B g e @
\ <X\ g% e .e® A Bipd Z R
Nr4a1-GFP SE | it . B, FSCA
W Exp.3
108 T T T \/9\/
C Mock DSS Spleen  Liver Colon
E Mr1+*

—

IL-17A-

IFN-y—
PECy7 —

IL-22
FITC — > APC — " AF700

9 -
7.53
10.8
P

é') ‘ O 51
< Fedkkok 8 E
"a 24 s
® 40 ° 5 < 150
5 Mock % 37 5
o 30 DSS 2 ] 5
< Exp.1 % 100
Exp. 2 - Q
= P e £ =
£ 10 - 2 o (&}
X ++ / w
° Mr1**  Mr1 Mr1**  Mr1- M M-
IFNy IL-17A IL-22 Areg
D £ 120- PR Steady-state G Chronic colitis
S Mr1 . |Mock oF -
2 O Mmr1- 5 s Genotype "
>, 110 - Mr1t* | & ® Mri+ A G
oM A Genotype
3 o mr+ PSS ¢ + Ak Ak 2| gae m ot
s 2 8 A e oM
— 100C S of X ge A Cage 8o A
© x X&( A o ] Cage
s -~ 2 &% - fn £ G
£ 0 Z © *v P My e m g:
s = g o O g ¢
o
S 8o . : . . : . v ¥ O
0 5 10 15 20 25 30 -10 5 r3

5 0 0 5
PC1: 37% variance PC1: 37% variance

Days

Fig. 5. MAIT cellsreduce calitis severity.
(A) Nr4al-GFP expression by Mait cells from the indicated mice. Both LSL-MR1* and

LSL-MR1™ mice carried the villin-CreER Tg and received tamoxifen. Pooled data from NV =
3. **** P < (0.0001 by unpaired Mann-Whitney U'test. (B) areg expression by colonic Mait
cells from the indicated mice. 7= 7 mice per group. Data pooled from A/= 2. ***P < 0.001
by unpaired Student’s ftest. (C) cytokine production by colonic MAIT cells from control
mice and from mice with chronic colitis. 7= 9 to 11 mice per group. Data were pooled
from N=2. **P<0.01, ***P< 0.001, and ****P < 0.0001 by unpaired Student’s ftests.
(D) Mouse body weight after mock or chronic DSS treatment. 7= 12 or 13 mice per group;
data pooled from /= 3. **P< 0.01 and ***P< 0.001 between DSS-treated MrZ*/* and
MrI™~ mice, by unpaired multiple ¢tests with FDR = 1%. (E) top, H&E staining of colon
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from the indicated condition. Representative 2x and 10x magnifications are shown. Black
bars represent 500 um (top) and 100 um (bottom). Bottom, investigator-blinded pathology
assessments in the indicated conditions. 7= "5 to 7 mice per group. Data representative of N/
=3.ns, P=0.05, *P<0.05, **P<0.01, ***P< 0.001, and ****P < 0.0001 by unpaired
Student’s ttests. (F and G) PCA of bacterial families in Mr*/~ and Mr1~/~ B6-MAITCast
mice either untreated (F) or upon chronic DSS-induced colitis (G). Symbols indicate the
cage of origin.
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Fig. 6. MAIT cellsprotect against inflammation-induced CRC.
(A) Left, representative images of the rectum after inflammation-induced CRC. Right, rectal

tumor numbers in the indicated mice. Pooled data from AV/=2. **P < 0.01 by unpaired
Student’s ttest. (B) UMAP of colonic MAIT cells isolated from control (AOM) or colitic
(DSS) mice analyzed by single-cell RNA-seq. The relative contribution of MAIT cells from
control and colitic mice to each cluster is indicated. (C) Expression of selected genes by
MAIT cells from the indicated UMAP clusters. (D) //22 expression by single-cell RNA-seq
in colonic MAIT cells. (E) Tissue-repair gene signature expression in the indicated clusters.
the dashed bar represents the median score. *P < 0.05, ***£< 0.001, and ****P< 0.0001 by
unpaired Student’s ftests. (F) Schematic summary of the main findings of the study.
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