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Abstract

Mucosal-associated invariant T (MAIT) cells are innate-like T cells that recognize bacterial
riboflavin—based metabolites as activating antigens. Although MAIT cells are found in tissues, it is
unknown whether any host tissue—derived antigens exist. Here, we report that a sulfated bile acid,
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cholic acid 7-sulfate (CA7S), binds the nonclassical MHC class | protein MR1 and is recognized
by MAIT cells. CA7S is a host-derived metabolite whose levels were reduced by more than 98%
in germ-free mice. Deletion of the sulfotransferase 2a family of enzymes (Su/t2a1-8) responsible
for CATS synthesis reduced the number of thymic MAIT cells in mice. Moreover, recognition

of CA7S induced MAIT cell survival and the expression of a homeostatic gene signature. By
contrast, recognition of a previously described foreign antigen, 5-(2-oxopropylideneamino)-6-D-
ribitylaminouracil (5-OP-RU), drove MAIT cell proliferation and the expression of inflammatory
genes. Thus, CA7S is an endogenous antigen for MAIT cells, which promotes their development
and function.

INTRODUCTION

RESULTS

Mucosal-associated invariant T (MAIT) cells are innate-like T cells that recognize
riboflavin-based metabolites, such as 5-OP-RU, presented by major histocompatibility
complex (MHC) class I-related protein (MR1) as foreign antigens through semi-invariant

T cell receptors (TCRs) (1-5). Although conventional T cells recognize self-derived

weak antigens for selection and maintenance, microbiome-derived metabolites mediate the
development of MAIT cells, as evidenced by the fact that MAIT cell numbers are decreased
in germ-free mice (6, 7). Because the microbiome has a strong effect on endogenous
metabolite levels (8), it is possible that host-derived antigen(s) may also contribute to MAIT
cell development.

In many mammalian species, MAIT cells are most abundant in the liver (9, 10) and

are mainly localized in the hepatic sinusoid around bile ducts (11-13). In contrast to
circulating MAIT cells, liver MAIT cells exhibit an activated phenotype despite being in a
nonproliferating state (11, 14, 15). This suggests that weak MR1 ligand(s) may be expressed
in these specific regions. MAIT cell ligands of this type have not yet been identified,
although previous studies have suggested the presence of self-derived ligands for MR1 (16—
18).

Here, we report that sulfated bile acid is presented by MR1 and recognized by MAIT TCRs
to promote MAIT cell homeostasis. Deletion of enzyme required for its synthesis in mice
impaired MAIT cell development.

Cholic acid 7-sulfate is a MAIT cell ligand presented by MR1

Not all MR1 ligands act as agonistic antigens to MAIT cells (4, 19, 20). To simultaneously
evaluate MR1 binding and antigen activity, we established a nuclear factor of activated
T-cells (NFAT)—green fluorescent protein (GFP) reporter T cell line expressing both MR1
and a MAIT TCR (fig. S1A). A known MAIT cell antigen, 5-OP-RU, induced the dose-
dependent activation of these reporter cells (fig. S1B) and marginal up-regulation of MR1 on
the cell surface (fig. S1B). By contrast, a nonstimulatory MR1 ligand, acetyl-6-formylpterin
(Ac-6-FP), potently enhanced MR1 surface expression (fig. S1B) as previously reported
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(21, 22) without inducing GFP expression. Thus, the reporter cells can function as both
antigen-presenting cells and responder T cells.

To search for host-derived ligand(s) for MAIT cells, we used this cell line to screen
fractionated intestinal extracts from specific pathogen—free (SPF) mice. Among the 100
fractions separated by reversed-phase column chromatography (table S1A), three major
peaks were detected around fractions #11, #42, and #84 (Fig. 1A). To determine which
peak corresponded to a known microbe-derived antigen, we subjected 5-OP-RU to the same
column separation process (Fig. 1B). The activities of fractions #11 and #42 were again
observed (Fig. 1B) corresponding to the expected retention of 5-OP-RU and its related
lumazine derivatives, respectively (5).

To determine the chemical structure of the activating molecule in fraction #84, we further
purified this fraction by hydrophilic interaction chromatography and collected a single
fraction (designated as #84—45) (table S1B and fig. S1C). The activity was nuclease and
protease resistant, suggesting a metabolite(s) other than polypeptides or oligonucleic acids
(fig. S1D). High-resolution mass spectrometry (HRMS) analysis revealed a major peak

at mass/charge ratio (/77/2) 487.2368 in negative ion mode, suggesting a small compound
(Fig. 1C). We next performed one-dimensional (1D)- and 2D-nuclear magnetic resonance
(NMR) spectroscopic analysis (Fig. 1D and fig. S2, A to D) and showed that the compound
is a cholic acid (CA) analog with a functional group attached to the hydroxy group at

the C7 position (fig. S2E). The molecular formula estimated from the main peak at m/z
487.2368 was Co4H400gS [M - H]~, suggesting that the major component of the fraction
was cholic acid 7-sulfate (CA7S) (Fig. 1E). HRMS/MS analysis confirmed the presence

of a sulfate group (Fig. 1F). We next synthesized CA7S to authenticate the assignment

(fig. S3A). The H and 13C NMR spectra of fraction #84-45 agreed with those of the
synthetic CA7S (Fig. 1D and fig. S2, A, F, and G), and liquid chromatography HRMS
(LC/HRMS) analysis showed identical retention times for fraction #84-45 and the CA7S
standard (Fig. 1, F and G, and fig. S2, H and I). Synthetic CA7S activated reporter cells
expressing a MAIT TCR, but the efficacy and potency were weaker than known antigens
(Fig. 1H). Because absolute concentrations of unstable 5-OP-RU converted from 5-amino-6-
d-ribitylaminouracil (5-A-RU) cannot be estimated precisely (23), more-stable synthetic
ribityllumazine, 7-methyl-8-d-ribityllumazine (RL-7-Me), was used for comparison (24).
The activity of CA7S was approximately 5% of RL-7-Me, indicating that CA7S is a weak
agonist to MAIT cells (fig. S1E). Synthetic CA7S also elevated cell-surface MR1 expression
(Fig. 1, I'and J). CA7S was recognized by several different MAIT TCRs derived from mouse
(m) and human (h) on m/h MR1 (fig. S1F). Thus, CA7S appears to be a ligand for MAIT
cells presented by MR1.

CAT7S is present in various SPF mouse tissues

CAT7S is a bile acid metabolite biosynthesized by host sulfotransferase 2a (Fig. 2, A and
B) (25). Because bile acid metabolism is largely influenced by symbiotic bacteria, we

next examined the effect of microbiota on intestinal bile acid metabolites, including CA7S.
To assess this, we analyzed intestines from SPF and germ-free (GF) mice using targeted
metabolomics (data S1). The concentration of many bile acid derivatives were affected by
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symbiotic bacteria (Fig. 2A) that mediate the deconjugation/dehydroxylation of bile acids
(Fig. 2B) (26-28). Among these, CA7S were decreased by more than 98% under GF
conditions (Fig. 2A), presumably due to the lack of deconjugation of tauro CA7S (TCATYS)
by symbiotic bacteria (Fig. 2A) (29), because TCA7S was increased in GF mice (Fig. 2A).

In addition to the intestines, CA7S was detected in the gallbladders, livers, and thymi

of SPF mice. CA7S levels were detectable, but lower, in all GF tissues examined (Fig.
2C). LC-MS/MS analyses confirmed that other regioisomers of CA7S, such as CA3S and
CAL12S, could not be detected in mouse tissue (table S2) as previously reported (25). Thus,
CATS is a host-derived bile acid metabolite, but its abundance is largely dependent on
symbiotic bacteria.

Cholic acid sulfate is a unique agonistic bile acid metabolite

CATS is biosynthesized by sulfate conjugation of CA, which is a major component of

bile acid released into the intestine from the gallbladder and which aids absorption of
dietary lipids through micellization (30). However, CA itself did not activate reporter cells
expressing MAIT TCR (Fig. 3, A and C), suggesting that the sulfate group was required for
agonistic function.

In addition to the hydroxy group at position 7 (7-OH) of CA, 3-OH and 12-OH groups are
also potential sulfation sites. We therefore also synthesized these isomers (fig. S3A). CA3S,
which is present in some mammalian species (25), but not CA12S, activated MAIT reporter
cells in the presence of MR1 (Fig. 3, A and C). By contrast, all three CA sulfate forms
(CAS3S, CATS, and CA12S) up-regulated the cell-surface expression of MR1 to a similar
extent (Fig. 3, B and C), suggesting that CA sulfates may have the ability to bind to MR1.

Because primary mouse bile acids are often conjugated with taurine, we next synthesized
taurine-conjugated forms of CA3S (TCA3S) and CA7S (TCATYS) (fig. S3B) and examined
the effect of C24 modification on activity. Neither TCA, TCA3S, or TCA7S showed any
substantial activity either as an antigen or an MR1 ligand (Fig. 3, A to C). Thus, this amino
acid conjugation of CA, which incorporates the addition of a hydrophilic group at position
24, abolishes any MR1-binding capability.

Primary bile acids are further dehydroxylated by symbiotic bacteria, producing secondary
bile acids. However, the sulfated forms of secondary bile acids, such as deoxy CA3S
(DCA3S), litho CA3S (LCA3S), and taurolitho CA3S (TLCA3S) did not have activity in
reporter cells (Fig. 3, A and C). Thus, the sulfation of the 3- or 7-OH of CA is the key
structural feature for MAIT cell activation.

CAT7S is presented by MR1 in a manner similar to bacterial ligands

We next investigated the mode of CA7S presentation by MR1. MAIT TCR recognition of
CAT7S was inhibited by blocking anti-MR1 antibodies and Ac-6-FP (21) in a dose-dependent
manner (Fig. 4, A and B), implying that CA7S is presented by MR1 in a conventional
manner (4, 5) despite lacking a carbonyl group that could form a Schiff base with MR1.

We therefore assessed the possible MR1-binding mode by introducing mutations in MR1.
Most mutations affecting 5-OP-RU binding to MR1 also affected CA7S binding, consistent
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with CA7S and 5-OP-RU potentially binding to a similar region of MR1 (Fig. 4C). We next
assessed the competitive ligand binding to MR1 of CA7S in the presence of the fluorescent
ligand, JYM20, which has been reported to bind in the A" pocket of MR1 (31). CA7S
outcompeted JYM20 with a similar potency to that of the reported ligand, diclofenac (DCF)
(19) (Fig. 4D). TCRa. Y95 was also essential for the recognition of CA7S, as has also been
reported for 5-OP-RU (Fig. 4E) (5), although this mutant TCR could still respond normally
to anti-TCRP monoclonal antibody stimulation (fig. S4). Thus, although CA7S differs in
both size and structure from other reported MR1 ligands (4, 5, 18, 19), it is presented by the
MR1 A’ pocket and is recognized by MAIT TCRs.

Thymic MAIT cell numbers are reduced in Sult2a-deficient mice

CATS is biosynthesized by the SULT2A family of enzymes, which incorporate a sulfate
group into CA (32). Because eight isoforms of SULT2A (SultZal-8) exist in a cluster on
mouse chromosome 7A1, we generated mice lacking all eight isoforms using the CRISPR-
Cas9 system (Sult2~1-8/81-8 mice) (Fig. 5, A and B). Targeted metabolomics analyses
revealed that CA7S was significantly decreased in Su/t2a*1-8/A1-8 mice, whereas other bile
acid metabolites were unchanged (Fig. 5C). Nevertheless, Su/t22°1-8/A1-8 mice were viable
and showed no macroscopic abnormalities, suggesting that CA7S is not a vital metabolite in
mice. Because SULT2A is abundantly expressed in the liver (33, 34), we confirmed the lack
of expression of all Su/t2aisoforms in hepatocytes from Su/t221-8/A1-8 mice via single-cell
RNA sequencing (scRNA-seq) (Fig. 5, D and E). However, hepatocyte and resident immune
cell clusters were similar in wild-type (WT) and Su/tZa-deficient mice (Fig. 5F). Thus,
CATS deficiency does not grossly affect the development of hepatocytes and adjacent
immune cells, allowing us to use Su/t2°1-8/A1-8 mice to investigate the contribution of
CA7S to MAIT cell development and function.

A significant decrease in the number of MR1-5-OP-RU tetramer™ (MR1-5-OP-RU tet*)
thymic MAIT cells was observed in Su/t2&1-8/21-8 mice compared with littermate controls
(Fig. 6, A and B). Thymic MAIT cells can be divided into three developmental stages.

The most mature stage (stage 3) was dominant in WT mice (35), whereas this stage

was significantly less frequent in Su/t22~1-8/A1-8 mice (Fig. 6, C and D). Mature thymic
MAIT cells skew to a MAIT17 subset, interleukin-17 (IL-17)-producing MAIT cells, which
requires more signaling for development (36), whereas MAIT17 was less dominant in
Sult2a?1-8/01-8 mice, as assessed by surface marker expression (Fig. 6, E and F). scTCR-
RNA-seq analyses of WT and Su/t2&21-8/21-8 thymocytes expressing MAIT clonotypes
(7ravi- Traj9/12/33) also supported the reduction of MAIT17 (Fig. 6G). Thus, thymic MAIT
cell development is impaired under CA7S-deficient conditions.

Because MAIT cells are highly abundant in the livers of many mammalian species (9, 10,
37), we also examined MR1-5-OP-RU tet* mature MAIT cells in this organ. The frequency
of liver MAIT cells was not significantly different in Su/tZ2aA1-8/A1-8 mice (fig. S5),

and most MAIT cell clones in the livers of both WT and Su/t22~1-8/A1-8 mice expressed
previously reported MAIT1 signature genes (38) (Fig. 6H). However, genes significantly
down-regulated in Su/t2a1-8/A1-8 mice compared with WT mice included those involved
in TCR signaling and costimulation (e.g., Lcp2encoding SLP-76, Cad84 encoding Slamf5,
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Nfatcl, Nfkbia, and Tab2) (38-40) and cell adhesion (/cam1 and Cd164) (38). The common
gamma chain (yc) (//2rg) [a component of IL-7R-mediated licensing of MAIT cells (14)],
Bcl-2 family proteins (Mc/1) (41), and other anti-apoptotic proteins (BagZ, Bircé, and
Rblccl) (42-45) were also down-regulated, suggesting that liver MAIT cells in the absence
of SULT2A may not receive sufficient signals to support their homeostasis (Fig. 61). By
contrast, these genes were not down-regulated in iINKT and conventional T cells in the
livers of Sult2ah1-8/A1-8 mice (Fig. 61). Thus, CA7S specifically contributes to MAIT cell
homeostasis.

CA7S contributes to the maintenance of canonical human MAIT cells

To confirm whether CA7S acts on primary human MAIT cells, we stimulated peripheral
blood mononuclear cells (PBMCs) with CA7S. To compare the functional differences for
each agonist, we stimulated cells with minimum effective concentrations of 5-OP-RU (10
M) and CA7S (1000 uM) based on their reporter cell activity. As assessed by CellTrace
violet (CTV) dilution, 5-OP-RU induced cell division of MR1-5-OP-RU tet™ MAIT cells,
whereas CA7S did not (Fig. 7, A and B). However, the number of MAIT cells cultured

in the presence of CA7S was four times greater than that of control cultures without

CATS at day 6 (Fig. 7C). 5-OP-RU, but not CA7S, increased the surface expression of
CD161 (KLRBI) during culture (fig. S6A), suggesting that these ligands induced different
responses via the MAIT TCR. To test this hypothesis, we compared gene expression
signatures using scTCR-RNA-seq of MAIT cells that were either unstimulated (Unstim)

or stimulated with 5-OP-RU or CA7S for 1 day. Uniform manifold approximation and
projection (UMAP) clustering analysis of MAIT cells (7RAVI-2") demonstrated that gene
expression signatures were distinct depending on the ligand. 5-OP-RU mainly induced
cluster 1, whereas cluster 0 was enriched upon stimulation with CA7S. Both were

distinct from the Unstim signature (clusters 3 and 7) (Fig. 7D). Comparison of clusters

0 and 1 revealed that distinct genes were up-regulated upon stimulation with 5-OP-RU
versus CAT7S (Fig. 7E). CD69, GZMB, IFNG, and TNF, for example, were induced

by 5-OP-RU (46, 47), whereas CXCR4 and /L 7R were selectively induced upon CA7S
stimulation (Fig. 7E). CA7S induced surface expression of CXCR4, but not CD69, in

the peripheral MAIT cells (Fig. 7F). Gene ontology enrichment analysis also supported
this differential gene expression, because 5-OP-RU up-regulated immune activation—related
genes as previously reported (table S3) (46-48), whereas CA7S induced genes involved

in wound healing (top enrichment score, = 0.002) and negative regulation of immune
activation (second and third enrichment score, £=0.002) (table S3). This differential
regulation was also observed within the most frequent clonotypes expressing the canonical
MAIT TCR pair (TRAVI-2-CAVRDSNYQLIW- TRAJ33- TRBV28- TRBJ2-5) (Fig. 7G).
5-OP-RU preferentially induced genes in area 3 rather than area 1, whereas CA7S-induced
genes were included in area 2 rather than area 4 (Fig. 7G). Thus, CA7S appears to trigger
different signals than those induced by 5-OP-RU through the same MAIT TCR. We also
performed scTCR-RNA-seq after long-term stimulation with CA7S and CA3S, which are
both present in humans. MAIT cells that survived in the presence of CA7S/3S expressed
canonical MAIT TCRs, such as TRAVI-2-TRAJ33/ 12120 paired with TRBV6-4/6-1/20-1,
which were also enriched upon 5-OP-RU stimulation (fig. S6B), suggesting that CA7S/3S
is a ligand for canonical MAIT cells. However, differential gene expression signatures were
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also retained, because CA7S/3S induced homeostatic genes, such as /L 7R (14, 49), KLF2
(50), and TCF7 (36, 51, 52), which were not induced by 5-OP-RU (fig. S6, C and D).
Thus, sulfated bile acid is a host-derived ligand distinct from the microbe-derived antigen
5-OP-RU, which contributes to the development and survival of canonical MAIT cells.
DISCUSSION

In the bile acid metabolic pathway, sulfation contributes to the excretion of excess bile
acids through the gastrointestinal tract for bile acid homeostasis (25). However, the “active”
physiological roles of CA7S have not been fully understood (29, 53). The current study
suggests that an abundant by-product of one physiological process can be utilized for the
regulation of other physiological processes. CA sulfates are mainly produced in the liver
and small intestine, both of which express SULT2A (33, 34, 54) and where MAIT cells
are enriched in humans (55), suggesting that this metabolite may play an important role in
MAIT cell homeostasis in these tissues. Although there are some limitations to exploring
the effect of CA7S deficiency using laboratory mice in which MAIT cells are rare, further
analyses across multiple species or use of MAIT-enriched mice (56-58) may help clarify
this issue. Because common genetic polymorphisms for human SULT2A1 result in the
reduction of its enzymatic activity (59, 60), future work should investigate whether there
is any association between MAIT cell development/function and the presence of these
polymorphisms.

Impairment of thymic MAIT cells, particularly stage 3, in Su/t2*1-8/A1-8 mice suggests
that CA7S plays a preferential role in MAIT cell maturation. The reduction of CA7S in

GF thymi may explain impaired thymic MAIT cell development in addition to the lack of
5-OP-RU (6, 7). Although CAT7S was detected in the thymus, it is currently unknown how
this metabolite comes to be located in this lymphoid organ. In GF mice (3, 6, 7, 35), SPF
SultZa-deficient mice (Fig. 6B), and even GF Su/tZa-deficient mice (fig. S7), a few thymic
MAIT cells were detected. It is therefore possible that other unknown endogenous ligand(s)
may also contribute to the early development of thymic MAIT cells. An alternative but not
mutually exclusive hypothesis is that an intrinsic binding affinity of MR1 to MAIT TCRs
(21) may also play a role in thymic selection in a ligand-independent manner.

Conventional T cells are positively selected within the thymus by moderate interaction with
weak-affinity peptides (61). In the periphery, these weak peptides cannot induce activation
but contribute to the maintenance or homeostasis of mature T cells (52, 62, 63). CA7S

also induced homeostatic gene expression in the peripheral MAIT cells, although it did

not trigger inflammatory responses. The role of CA7S in liver MAIT cell function is not
clearly understood, but we observed a difference in gene expression in Su/t2A1-8/A1-8 mijce.
CAT7S may be involved in tissue residency, local survival, or functional priming/licensing
within the tissue. One of the CA7S-induced molecules, CXCR4, contributes to the residency
of MAIT cells in the liver (64), although further investigation is warranted. Liver MAIT
cells respond to biliary epithelial cells (BECs) in an MR1-dependent manner (11). Thus, it
is possible that hepatic cells, such as BECs, liver sinusoidal endothelial cells (LSECs), or
hepatocytes may act as a niche for MAIT cells by presenting bile acid metabolites on MR1,
as MAIT cells are localized in the liver sinusoid around bile ducts (9). Alternatively, as
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BECs are normally separated from MAIT cells in the sinusoid under steady-state conditions,
MAIT cells may recognize CAS presented by BECs when the LSEC barrier is breached by
trauma or infection, therefore serving as a possible damage sensor leading to tissue repair
(7, 46-48). Considering their unique tissue distribution, MAIT cells may need to be resistant
to bile acid stresses, and MAIT cells do express high levels of the ATP-binding cassette
subfamily (37), also called multidrug resistance 1 polypeptide, which is known to protect T
cells in the ileum from bile acid—driven stresses (65).

CA7S may accumulate in disease settings such as cholestasis-related inflammation, because
bile sulfation is required for excretion of excessive bile (25, 66). Correlation between
MAIT cell activation and primary sclerosing cholangitis or primary biliary cholangitis has
been reported (67, 68). Whether excessive CA7S is involved in the development of such
inflammatory diseases through the dysregulation of MAIT cells is an important area for
future research.

Mammalian species lacking MR1 lose TRAV1, suggesting the coevolution of the MR1-
MAIT cell system (69). Some such species also lack SuftZ?ahomologs (table S4, A and
B). Both MR1 and MAIT cells are absent in fish and amphibians (70). These animals use
larger C27 bile alcohols as major bile salts (71), and these are unlikely to bind the MR1
pocket even if sulfated. Further phylogenetic studies will be needed to validate a possible
link between sulfated bile acids and the MR1-MAIT system.

In conclusion, this study extends previous work underscoring the structural diversity of
ligands presented by MR1 as compared with other MHC class I-related molecules (72).

To monitor a wide variety of exogenous and endogenous metabolites, mammals may have
acquired a “promiscuity” in presenting ligands with various structures and affinities (4,
18-20, 73) on MR1, which has a certain intrinsic affinity to MAIT TCRs (21). Further
identification of unexpected structures of natural ligands therefore is likely possible and may
contribute to further understanding of MAIT cell physiology.

MATERIALS AND METHODS

Study design

The goal of this study is to identify and characterize host-derived MAIT cell ligand(s). To
enable this end, we established a platform using column chromatography—based separation
and mass spectrometry together with a sensitive reporter assay. To determine the chemical
structure of the ligand, we used NMR spectroscopy and chemical synthesis. We established
mice lacking a particular bile acid metabolite using mouse genetics and metabolomics.
Sample sizes were determined on the basis of previous studies and pilot experiments in our
laboratory and are indicated in the figure legends. All experiments were performed three
times unless otherwise indicated in the figure legends. Mice of the same sex and similar
ages were randomly assigned to each experimental group. For in vivo experiments, the
investigators were blinded to the genotype of the mouse samples. None of the data was
excluded from our analysis.
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Sult2er1-8/01-8 mice were generated using the CRISPR-Cas9 system, as previously
described (74). In brief, Cas9 mRNA and sgRNAs were microinjected into fertilized
embryos of BDF1 mice. Homozygous KO mice were born from a heterozygous intercross.
All mice were genotyped 2 to 4 weeks after birth using PCR with specific primers (P1, 5'-
ACCTGGAAAGACTAATACTTGCC-3"; P2, 5"-CCCCACAGAGACAGACCAAT-3’; and
P3, 5-CAAATGATCTCTCAATGAGTTCAC-3"). Sult2a 1-8/A1-8 mice were used for
phenotypic analyses in 3- to 8-week-old mice with WT littermate controls (Su/t2a*'* or
Sult2at'81-8) Germ-free mice (C57BL/6NJcl [Gf]) were purchased from CLEA Japan Inc.
and analyzed in the same weeks of age compared with SPF mice. Germ-free Su/t2z~1-8/A1-8
mice were generated by in vitro fertilization maintained in vinyl isolators within the facility
in CLEA Japan. All animal protocols were approved by the committee of Ethics on Animal
Experiment, Research Institute for Microbial Diseases, Osaka University (Biken-AP-R03-
17-0).

5-OP-RU for the cellular assay was prepared with 5-A-RU (Toronto Research Chemical)
and methylglyoxal (Sigma-Aldrich) as previously described (5). Ac-6-FP (catalog no.
11.418) was purchased from Schircks Laboratories. 2-Hydroxy-5-methoxybenzaldehyde
(HMB) (catalog no. 146862), DCF (catalog no. D6899), and epigallocatechin gallate
(EGCG) (CAS no. 93894) were supplied by Sigma-Aldrich. For FP assays, 5-OP-RU (75),
JYM20 (76), and RL-6-Me-7-OH (4) were synthesized as previously described. The native
cytomegalovirus MHC-I-restricted peptide (NLV) (catalog no. 181329) was synthesized by
GL Biochem. TCA3S, LCA3S, and TLCAS3S were purchased from Cayman. DCA3S and
THBA were purchased from Avanti. CA and TCA were purchased from Nacalai Tesque.
DCA was purchased from FUJIFILM Wako. Synthetic CA7S, CA3S, CA12S, TCA3S,
TCATS, and RL-7-Me were prepared as described in Supplementary Methods. Anti-human/
mouse/rat MR1 (26.5), anti-mouse CD3 (2C11), anti-mouse CD19 (6D5), anti-mouse TCRp
(H57-597), anti-mouse CD45 (30-F11), anti-mouse CD319 (4G2), anti-mouse CD138 (281-
2), anti-mouse CD24 (M1/69), mouse 1gG2a, « isotype control (MOPC-173), Armenian
hamster immunoglobulin G (1gG) isotype control (HTK888), anti-human CD3 (HIT3a),
anti-human CD161 (HP-3G10), anti-human CD69 (FN50), anti-human CXCR4 (12G5),
anti-mouse CD16/32 (93), and anti-human TotalSeq-C Hashtags (LNH-94; 2M2) antibodies
were purchased from BioLegend. Anti-mouse CD44 (IM7) was from BD Biosciences. Dead
cells were stained with propidium iodide (PI) (Sigma-Aldrich) or 7-amino-actinomycin

D (7AAD) (BioLegend). Mouse or human MR1 tetramers loaded with 5-OP-RU or 6-

FP conjugated to PE or APC were provided by the NIH tetramer core facility (Emory
University) (5).

TCRa- and TCRp-chain cDNA sequences were cloned into retroviral vector pMX-
IRES-rat CD2. TCRaf sequences for mouse MAIT TCR #1 clonotype ( TRAVI-
CAVRDSNYQLIW-TRAJ33-TRBV13-3 TRBJ2-1) and mouse MAIT TCR #2 clonotype
(TRAVI-CAVRDSNYQLIW- TRAJ33-TRBV13-3 TRBJ2-7) were from previous reports
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(3, 77). apTCR sequences for human MAIT TCR #1 clonotype (TRAVI-2-
CAVKDSNYQLIW- TRAJ33- TRBV6-2- TRBJ2-2) were from Protein Data Bank (4L4T).
Human and mouse MR1s were cloned into retroviral vector pMX-IRES-human CD8

(78). These plasmids were cotransfected into Phoenix packaging cells using PEI MAX
(Polysciences). Supernatant containing retroviruses was used for infection (79) into TCR-
deficient mouse T cell hybridoma with an NFAT-GFP reporter gene (80). MR1 and

TCRa mutants were constructed by site-directed mutagenesis using KOD-FX (TOYOBO)
following the manufacturer’s instruction.

Ligand extraction and purification

Mouse large intestines were frozen in liquid nitrogen. They were then crushed and extracted
with 6 ml of double-distilled water. The supernatant was ultrafiltered (<100 kDa) and
fractionated by HPLC (JASCO LC-Netll/ADC) using COSMOSIL PBr 4.6 mm 1.D. by 250
mm (Nacalai Tesque) and TSK gel Amide-80 5 um 4.6 mm 1.D. by 250 mm (TOSOH
Bioscience) as described in fig. S1 (C and D). Purified samples were dried using a freeze-
dryer (EYELA FDU-1200).

Reporter cell assay

For the stimulation of reporter cells, tissue-extracted samples and synthetic compounds
were dissolved in water and added to each well of the 96-well plate in the absence of
methylglyoxal. Some water-insoluble samples were dissolved in ethanol or chloroform/
methanol (2:1, vol/vol) and coated on plates as previously described (81). NFAT-GFP
reporter cells (1 x 104 to 3 x 10% cells/100 pl per well) were cultured for 6 to 20 hours

at 37°C and analyzed for GFP and MR1 expression by flow cytometry. Tissue-extracted
fractions were treated with DNase | (Roche) or trypsin (Promega) overnight at 37°C before
5-OP-RU and CA7S stimulation in fig. S1F. For the inhibition assay, anti-MR1 antibody
(0.001 to 1 pg/ml) and Ac-6-FP (0.1 to 100 uM) were added to reporter cells for 1 hour
before the stimulation with 5-OP-RU and CA7S.

Human studies

The institutional review boards of Osaka University (approval number 29-4-10) approved
blood draw protocols for healthy individuals. The research was performed in accordance
with all relevant guidelines and regulations.

Stimulation of PBMCs

To prepare PBMCs, whole blood was collected in heparin-coated tubes and centrifuged

to separate the cellular fraction and plasma using lymphocyte separation solution (4=

1.077) (Nacalai Tesque). PBMCs were labeled with CTV (Invitrogen) according to the
manufacturer’s instructions. PBMCs were cultured with 5-OP-RU, CA3S, and CA7S in the
absence of cytokines in RPMI 1640 (Sigma-Aldrich) supplemented with 10% fetal bovine
serum, penicillin (100 U/ml; Sigma-Aldrich), streptomycin (100 pg/ml; MP Biomedicals),
and 50 uM 2-mercaptoethanol (Nacalai Tesque). At the indicated days after stimulation,
PBMCs were analyzed by flow cytometry (Attune NxT flow cytometer, Thermo Fisher
Scientific) and CD3*CD161*MR1-5-OP-RU tetramer* cells were sorted by the SH800S cell
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sorter (Sony Biotechnology) for sc-TCR-RNA-seq analyses. For survival assays, 1 x 108
PBMCs were left untreated or treated with 1 mM CA7S for 6 days in 150-ul cultures using
96-well round-bottom plates. At day 0, 150 pl of culture suspension was analyzed by flow
cytometry, and the number of living (Pl-negative) CD3*CD161*MR1-5-OP-RU-tetramer*
MAIT cells was defined as 100%. Every 2 days, the same staining was performed, and the
survival ratio was calculated as a percentage against day 0.

Preparation of MAIT cells from mouse tissues

Thymi were dissociated by homogenizer to make single-cell suspensions. Single-cell
suspensions of thymocyte were stained with APC-mouse MR1-5-OP-RU tetramer (NIH
Tetramer Core Facility, Emory University Vaccine Center, Atlanta, USA). These were
enriched by anti-APC microbeads according to the manufacturer’s instructions (Miltenyi
Biotec). Livers were dissociated over a 40-um nylon mesh. Liver mononuclear cells were
isolated by density gradient centrifugation on a discontinuous 40 to 80% Percoll (Cytiva)
gradient.

Single-cell-based transcriptome and TCR repertoire analysis

Single-cell transcriptome and TCR repertoire analysis were performed using Chromium
Controller (10x Genomics) according to the manufacturer’s instructions as previously
described (82). Gene expression-based clustering was performed using the Seurat R package
[v3.1; (83)]. Cells with a mitochondrial content >10% and cells with <200 or >4000 genes
detected were considered outliers (dying cells and empty droplets and doublets, respectively)
and filtered out. The cluster analysis based on UMAP plot, volcano plot, and differential
expression analysis were performed by BBrowser (BioTuring).

NMR spectroscopy

Fraction #8445 was dissolved in 750 pl of DO containing approximately 0.1% (v/v)
MeCN as an internal standard (1S). NMR spectra were acquired on a JEOL ECZ600R
spectrometer and were referenced internally according to residual solvent signals (HOD,
MeCN). Signals characteristic of CA analogs were observed (three methyl protons at § 0.73,
0.93, and 0.97 ppm; two methylene protons at 6 2.32 and 2.45 ppm,; three methine protons at
6 3.52, 4.07, and 4.51 ppm in the 1H NMR spectrum and a carbonyl carbon at & 180.8 ppm
in the 13C NMR spectrum, Fig. 1D and fig. S2A). Through analyses including 2D-NMR
(fig. S2, B to E), two peaks at 6 4.07 and 4.51 ppm in the 1lH NMR spectrum were assigned
to methine protons H-12 and H-7, respectively. The H-7 signal appeared more deshielded
than predicted, indicating that a functional group is linked to the hydroxy group located at
the C7 position of the CA skeleton.

LC-MS/MS quantitative analysis

Bile acids were extracted from each of the mouse tissue samples by 1 ml of extraction
solvent (ice-cold methanol) after supplementing deuterium-labeled IS compounds (dj-CA;
ay-CDCA,; dy-TCA,; ds-TCDCA,; d4-LCA,; d4-DCA,; ds-GDCA,; and d5-TLCA). Samples
were mixed vigorously by vortex for 1 min followed by 5 min of sonication. The samples
were centrifuged at 16,000¢ for 5 min at 4°C. The supernatant (800 pl) was then collected
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into clean tubes. For the targeted quantitative analysis of bile acids (data S1), the supernatant
was diluted with methanol according to the abundance of bile acid contained in each tissue
to prepare an analytical sample. A triple-quadrupole mass spectrometer equipped with an
electrospray ionization (ESI) ion source (LCMS-8060; Shimadzu Corporation) was used

in multiple reaction monitoring (MRM) mode. The conditions for the LC-MS/MS analysis
were as follows: column, metal-free PEEK-coated InertSustain C18 (2.1 x 150 mm; particle
size, 3 um; GL Sciences Inc.); column temperature, 50°C; flow rate, 0.3 ml/min; mobile
phase, water/acetonitrile/acetic acid (3:1:0.05, v/v/v) (A) and methanol/isopropanol/acetic
acid (1:19:0.05, v/v/v) (B); gradient curve, 0% B at 0 min, 38% B at 17 min, 100% B at 25
min, 100% B at 35 min, 0% B at 35.1 min, and 0% B at 50 min; injection volume, 5 pl; mass
analysis mode, negative ion mode; electrospray voltage, —3.0 kV; nebulizer gas flow rate, 2.0
liters/min; drying gas flow rate, 10.0 liters/min; desolvation temperature, 250°C; heat block
temperature, 400°C; and detector voltage, 2.16 kV. The MRM mode and a dwell time of 10
ms per channel were used. Other optimized MRM parameters for bile acids are shown in
data S1. The absolute contents of bile acids were calculated based on the calibration curves.
The MRM calibration curves were generated from the triplicate analyses of these standard
solutions using the chromatographic peak area of each analyte to that of the IS.

MR1 protein expression and purification

Recombinant human MR1 was produced in vitro as previously described (19, 84). Briefly,
DNA encoding the extracellular domains of the MR1 heavy chain and p2m was transformed
into Escherichia coli BL21(DE3). The proteins were subsequently overexpressed and
purified as inclusion bodies. Refolding of MR1-HMB was performed via addition of 80

UM HMB, 120 mg of denatured inclusion body MR1 heavy chain, and 60 mg of p2m protein
in 1 liter of refold buffer consisting of 0.1 M tris, pH 8.5, 2.5 M urea, 0.4 M L-arginine, 2
mM Na-EDTA, 0.5 mM oxidized glutathione, and 5 mM reduced glutathione for 16 hours
at 4°C. The refolding solution was dialyzed against 10 mM tris, pH 8.0. The MR1-HMB
complex was purified via size exclusion (5200 Superdex 16/600, GE Healthcare) and then
dialyzed against 10 mM bis-tris propane, pH 6.5, and 150 mM NaCl at 4°C for 16 hours.
The resultant MR1-empty was buffer exchanged to 10 mM tris, pH 8.0, and purified using
anion exchange (HiTrap Q HP, GE Healthcare) chromatography as previously described
(31).

Fluorescence polarization inhibition assay

Bile acids (CA7S, CA3S, and THBA) were each solubilized in ultra-pure water.

The remainder of the ligands were dissolved in dimethyl sulfoxide (Sigma-Aldrich).
Fluorescence polarization (FP) assays were conducted with serial dilutions of each ligand
starting at a maximum concentration of 50 mM for CA7S, CA3S, and THBA; 20 mM DCF;
5 uM Ac-6-FP; 500 nM 5-OP-RU; 500 M RL-6-Me-7-0; 5 mM EGCG; and 1 mM NLV
peptide. Each compound was incubated with the previously reported synthetic fluorescent
MRZ1-specific ligand, JYMZ20 (10 nM), and human MR1-empty (100 nM) in assay buffer
(25 mM Hepes, pH 7.5, 150 mM NaCl, and 5 mM Na-EDTA) (31). FP was measured after
24 hours at 25°C using the PHERAstar microplate reader (BMG LabTech) as previously
reported (31). Ligand binding curves were graphed as a sigmoidal concentration response
curve using Prism Version 9.3.0 (GraphPad Software Inc.). Median inhibitory concentration
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(ICsp) values for binding affinity were calculated at the ligand concentration required for
50% of inhibition for JYM20 binding to MR1-empty.

Nontargeted LC-HRMS/MS analysis

Nontargeted LC-HRMS/MS analyses were performed using a Nexera X2 UHPLC system
(Shimadzu Co.) coupled with a Q Exactive high-performance benchtop quadrupole Orbitrap
mass spectrometer (Thermo Fisher Scientific Inc.). LC analytical conditions were identical
to those used in the targeted bile acid analysis method using LC-MS/MS. The full scanning
HRMS analysis conditions were as follows: polarity, positive and negative ionization; sheath
gas flow rate, 50 arb; auxiliary (Aux) gas flow rate, 10 arb; spray voltage for positive ion
mode, 4.0 kV; spray voltage for negative ion mode, —3.0 kV; capillary temperature, 250°C;
S-lens level, 60; heater temperature, 400°C; mass resolution, 70,000; automatic gain control
(AGC) target, 3 x 10%; maximum injection time, 200 ms; and scan range, 150 to 1500
(m/2). The conditions for data-dependent MS? (dd-MS?2) were as follows: mass resolution,
17,500; AGC target, 5 x 10%; trap fill time, 80 ms; isolation width, + 1.2 Da; fixed first
mass, 77/z50; stepped normalized collision energy, 10, 30, and 45 eV; intensity threshold of
precursor ions for dd-MS?2 analysis, 1 x 10%; apex trigger, 2 to 4 s; and dynamic exclusion,
2 s. The Compound Discoverer ver. 3.0 (Thermo Fisher Scientific Inc.) was used for HRMS
data processing. Infusion analysis was performed using an ion trap/time-of-flight HRMS
fitted with an ESI ion source (Shimadzu). The HRMS operating conditions were as follows:
polarity, negative; electrospray voltage, —3.5 kV; curve desolvation line temperature, 200°C;
heat block temperature, 200°C; nebulizing gas (N2) flow, 1.5 liters/min; drying gas (N»)
pressure, 0.1 MPa; scan range, m/z 100 to 1500.

Statistical analysis

An unpaired two-tailed Student’s #test or one-way analysis of variance (ANOVA) with

the Tukey’s multiple comparison test were performed for the statistical analyses using
GraphPadPrism (Mersion 9.1.0, GraphPad Software Inc.). Asterisks denote the level of
statistical significance (*£< 0.05, **£< 0.01, ***P < 0.005, and ****P< 0.001). Pvalues
were adjusted for multiple comparisons using the Benjamini-Hochberg method (FDR <
0.05) using Graph-Pad Prism version 9.1.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Purification and structural determination of a ligand for MAIT cells.
(A and B) Screening of MAIT cell agonists from mouse intestine. NFAT-GFP reporter cells

expressing MAIT TCR and MR1 were stimulated with HPLC-separated fractions from SPF
mouse intestine (A) and freshly prepared 5-OP-RU as a control (B) for 16 to 20 hours and
analyzed by flow cytometry. (C and D) HRMS (C) and 1H NMR spectra (600 MHz, D,0)
(D) of fraction #84-45 from SPF mice intestine. In (D), impurities are denoted by asterisks.
(E) Chemical structure of CA7S. (F and G) HRMS/MS spectra (F) and extracted ion
chromatogram (G) of fraction #84-45. (H and 1) NFAT-GFP reporter cells were stimulated
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with 5-OP-RU, RL-7-Me, and CA7S. Percentages of GFP* cells (H) and MR1 expression

(1) were analyzed at 20 and 6 hours after stimulation, respectively. MR1 surface expression
is presented as mean fluorescence intensity (MFI) values of stimulated cells subtracted by
those of vehicle-treated unstimulated cells (AMFI). (J) MR1 surface expression at 0, 2, 4,

8, and 16 hours after stimulation with vehicle control (None), 5-OP-RU, or CA7S. (H to J)
Data are presented as the means + SD of triplicate assays and are representative of more than
two independent experiments.
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Fig. 2. Decrease in the level of CA7S in GF mice.
(A) Quantification of bile acid metabolites in the cecum and cecal contents from SPF and

GF mice. Blue and yellow arrows indicate host- and bacteria-mediated enzymatic responses,
respectively. N.D., not detected (<0.010 nmol per tissue). (B) Metabolic pathway map of bile

acids in

mice, related to (A). Sult, sulfotransferase; HDSH, hydroxysteroid dehydrogenase;

BAAT, bile acid—CoA:amino acid N-acyltransferase; BACS, bile acid—CoA synthetase; Cyp,
cytochrome P450; BSHs, bile salt hydrolases. (C) Tissue distribution of CA7S in various
tissues of SPF and GF mice. N.D., not detected (<0.010 pmol/mg). (A and C) Data are
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presented as the means + SD from experiments with three or more mice per group and are
representative of two independent experiments. *£ < 0.05, ***P < 0.005, and ****P < 0.001
by two-tailed, unpaired Student’s #tests with Benjamini-Hochberg correction.
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Fig. 3. Structure-activity relationship of bile acid metabolites for MAIT cell activation.
(A and B) MAIT TCR activation assays using NFAT-GFP reporter cells expressing mouse

MAIT TCR and MR1. Reporter cells were stimulated with vehicle control, 5-OP-RU, and
analogs of CA7S (1); cholic acid 3-sulfate (CA3S: 2), cholic acid 12-sulfate (CA12S: 3),
cholic acid (CA: 4), taurocholic acid (TCA: 5), deoxycholic acid (DCA: 6), taurocholic

acid 3-sulfate (TCA3S: 7), taurocholic acid 7-sulfate (TCA7S: 8), deoxycholic acid 3-sulfate
(DCAZ3S: 9), lithocholic acid 3-sulfate (LCAS3S: 10), and taurolithocholic acid 3-sulfate
(TLCASS: 11). Because of their inherent cell toxicity as surfactants, several bile acids

were added at lower concentrations (4, 5, 6, 10, and 11). Some water-insoluble bile acids

(4, 5, 6, and 10) were coated on plates as described (81). Compound 11 was added as
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dimethyl sulfoxide solution because of its insolubility in both water and organic solvents.
NFAT-GFP (A) and MR1 (B) expressions were evaluated at 20 and 6 hours after stimulation,
respectively. (C) Structural formula of bile acid analogs related to (A) and (B). (A and B)
Data are presented as individual values of duplicate assays and are representative of more
than two independent experiments.
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Fig. 4. Binding mode of CA7S to MR1 and MAIT TCR.
(A and B) Inhibition assay of 5-OP-RU (0.5 pM) and CA7S (500 uM) by anti-MR1 Ab

(26.5) (A) or Ac-6-FP (B). Percentages of GFP* cells were shown. (C) Effect of h(MR1
mutations (Y7A, R9A, K43A, Y62A, L66A, WE9A, M72A, R79A, R94A, W156A, and
W164A) on the recognition of ligands. Cells expressing hMR1 mutants and a MAIT

TCR were stimulated with vehicle control, 5-OP-RU, or CA7S and analyzed by flow
cytometry after 6 hours. MR1 expression was shown as MFI of anti-MR1 staining subtracted
by isotype control. (D) MR1-restricted ligand affinities (ICsg) determined by FP assay

Sci Immunol. Author manuscript; available in PMC 2024 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ito et al.

Page 27

(31). Left: Titration curves of strong MR1 binders (5-OP-RU and Ac-6-FP), moderate

MR1 binder (RL-6-Me-7-OH), weak MRL1 binders (CA7S, CA3S, and DCF), and MR1
nonbinding substances [epigallocatechin gallate (EGCG) and NLV peptide] are displayed.
Tetrahydroxy bile acid (THBA) was used as a bile acid control with similar hydrophilicity
to CA7S and CA3S. The table represents a summary of 1Cg for all investigated compounds.
(E) Effect of MAIT TCRa mutation on ligand recognition. Reporter cells transfected with
vector alone (Mock), MAIT TCRp together with WT MAIT TCRa (WT), or mutant TCRa
('Y95F) were stimulated with vehicle control, 5-OP-RU, or CA7S and analyzed after 20
hours. (C and D) Data are presented as the means + SD of triplicate assays. (A, B, and E)
Data are presented as individual values of duplicate assays. All data are representative of at
least two independent experiments. NB, no binding.
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Fig. 5. Generation of Sult2a®1-8/A1-8 mjce.
ene-targeting strategy for Su ~8/A1-8 mice. P1, P2, and P3 indicate primers use
(A) Gene-targeting strategy for Su/t28~1-8/A1-8 mice. P1, P2, and P3 indicate pri d

for genomic PCR. (B) Genotyping PCR of Sult2a**, Sult2a*'21-8, and Sult2a 1-8/A1-8
mice. (C) Quantification of bile acid metabolites in feces from WT and Su/t2z~1-8/A1-8
mice. Blue and yellow arrows indicate host- and bacteria-mediated enzymatic responses,
respectively. (D) UMAP projection based on sc-RNA-seq of density-fractionated liver cell
suspensions from WT and Su/t221-8/21-8 mice. Erythrocytes expressing Hbb-bs above 1.8
were excluded in the process of analysis. (E) Expression of Su/tZa1-8 (left) and A/b (right)
in the hepatocyte clusters derived from WT (top) and Su/t2a*1-8/A1-8 (hottom) mice. (F)
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UMAP projection of WT (top) and Su/t22~1-8/A1-8 (hottom) mice. (C) Data are presented
as the means + SD from experiment with six or more mice per group. (D to F) Data are
from experiments with three mice per group. (C) A direct product of SULT2A, CATS,
was analyzed by two-tailed, unpaired Student’s #tests (*/ < 0.05). For all other bile acid
metabolites, P values were adjusted with Benjamini-Hochberg correction (FDR < 0.05).
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Fig. 6. Impaired MAIT cell development in Sult2a1-8/A1-8 mijce,
(A to F) Flow cytometry analysis of MAIT cells among MR1-5-OP-RU tetramer-enriched

thymocytes from 3- to 4-week-old WT and Su/t22~1-8/A1-8 mice. (A) Representative flow
cytometry dot plots of MR1-5-OP-RU tet*TCRB* MAIT cells in thymocytes. (B) Absolute
number of thymic MAIT cells in WT and Su/t22*1-8/A1-8 mice. (C) Representative CD44
and CD24 expression in MAIT cells from WT (left) and Su/t2*1-8/A1-8 (right) mice. (D)
Frequency of stage 1 (CD44-CD24%), stage 2 (CD44~CD247), and stage 3 (CD44tCD24")
MAIT cells in WT and Su/t221-8/A1-8 mice. (E) Representative CD319 and CD138
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expression in CD44*CD24~ MAIT cells in WT (left) and Su/t2221-8/A1-8 (right) mice.

(F) Frequency of MAIT17 cells (CD138%) and MAIT1 cells (CD319%) in WT and Su/t2A1~
8/A1-8 mjce. (G and H) Heatmap of mMRNA expression of MAIT1 and 17 signature genes

in canonical MAIT cells ( 7ravi- Traj9/12/33) in the (G) thymi and (H) livers of WT and
Sult2a1-8I01-8 mice. (1) Heatmap of mMRNA expression in canonical MAIT cells ( 7ravi-
Traf9/12/33), canonical iINKT cells ( 7rav11-Traf18), and conventional T cells in the liver of
WT and Su/t2*1-8/A1-8 mice. The genes significantly down-regulated in 77avi-expressing
cells from Sult2a~1-8/A1-8 mice (P< 0.05) compared with those from WT mice are shown.
The gene expression levels are shown as average values. Data are from experiments with
three or more mice per group. *£< 0.05 and **P< 0.01 by two-tailed, unpaired Student’s ¢
tests or one-way ANOVA followed by Tukey’s multiple comparison test.
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(A and B) Human PBMCs were labeled with CTV and stimulated with vehicle control
(Unstim), 5-OP-RU (10 uM), or CA7S (1000 uM) in the absence of cytokines on day 6.
Representative flow cytometry dot plots of proliferating CD3*MR1-5-OP-RU tet*CTV/!°
MAIT cells (A). Proportion of MR1-5-OP-RU tet*CTV!® MAIT cells in CD3*-gated cells
(B). (C) Survival ratio of MAIT cells stimulated with 1000 uM CA7S (CATS) or left
unstimulated (Un-stim). (D and E) Sc-RNA-seq of CD3*CD161*MR1-5-OP-RU tet" MAIT
cells stimulated with vehicle control (Unstim), 5-OP-RU (10 uM), or CA7S (1000 uM) for
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24 hours. UMAP based on mRNA expression was performed on all isolated cells (top left).
UMAPs of Travi-2* cells (top right) were separately shown for different stimuli (Unstim,
5-OP-RU, and CA7S) (middle). Proportions of the clusters in 7ravi-2" cells of each group
are shown as bar graphs (bottom) (D). Volcano plot of MRNA expression comparing the
characteristic clusters of 5-OP-RU stimulation (cluster 1) and CA7S stimulation (cluster

0) (E). (F) Surface expression of CD69 and CXCR4 after CA7S stimulation. PBMCs

were stimulated with indicated concentrations of 5-OP-RU (red) or CA7S (blue), and
surface expression of CD69 and CXCR4 within CD3*CD161*MR1-5-OP-RU tet* MAIT
cells was determined at day 9. (G) Heatmap of mRNA expression in the most frequent
MAIT clonotypes (TRAVI-2-CAVRDSNYQLIW- TRAJ33 TRBV28- TRBJ2-5). The genes
with differential expression between clusters 1 and 0 in (E) are shown. (B and C) Data

are presented as the means + SD of triplicate assays, and (A), (B), (C), and (E) are
representative of more than three independent experiments. *£ < 0.05 and ****£< 0.001
by two-tailed, unpaired Student’s #tests with Benjamini-Hochberg correction or one-way
ANOVA followed by Tukey’s multiple comparison test.
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