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SUMMARY

Using a murine model of ulcerative colitis, we demonstrated
mucosal-associated invariant T cells enhanced tissue
inflammation of colitis and inhibition of mucosal-associated
invariant T cell activation with a major histocompatibility
complex-related molecule 1 ligand reduced the severity of
colitis.

BACKGROUND & AIMS: Mucosal-associated invariant T
(MAIT) cells are innate-like T cells restricted by major histo-
compatibility complex-related molecule 1 (MR1) and express a
semi-invariant T cell receptor. Previously, we reported the
activation status of circulating MAIT cells in patients with ul-
cerative colitis (UC) was associated with disease activity and
that these cells had infiltrated the inflamed colonic mucosa.
These findings suggest MAIT cells are involved in the patho-
genesis of inflammatory bowel disease. We investigated
the role of MAIT cells in the pathogenesis of colitis by using
MR1�/� mice lacking MAIT cells and a synthetic antagonistic
MR1 ligand.
METHODS: Oxazolone colitis was induced in MR1�/� mice
(C57BL/6 background), their littermate wild-type controls, and
C57BL/6 mice orally administered an antagonistic MR1 ligand,
isobutyl 6-formyl pterin (i6-FP). Cytokine production of sple-
nocytes and colonic lamina propria lymphocytes from mice
receiving i6-FP was analyzed. Intestinal permeability was
assessed in MR1�/� and i6-FP-treated mice and their controls.
The effect of i6-FP on cytokine production by MAIT cells from
patients with UC was assessed.

RESULTS: MR1 deficiency or i6-FP treatment reduced the
severity of oxazolone colitis. i6-FP treatment reduced cytokine
production in MAIT cells from mice and patients with UC.
Although MR1 deficiency increased the intestinal permeability,
i6-FP administration did not affect gut integrity in mice.

CONCLUSIONS: These results indicate MAIT cells have a
pathogenic role in colitis and suppression of MAIT cell activa-
tion might reduce the severity of colitis without affecting gut
integrity. Thus, MAIT cells are potential therapeutic targets for
inflammatory bowel disease including UC. (Cell Mol Gastro-
enterol Hepatol 2022;13:81–93; https://doi.org/10.1016/
j.jcmgh.2021.08.018)
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nflammatory bowel diseases (IBD) such as ulcerative
Abbreviations used in this paper: CD, Crohn’s disease; DAI, disease
activity index; FITC, fluorescein isothiocyanate; iNKT, invariant natural
killer T cells; i6-FP, isobutyryl 6-formyl pterin; IBD, inflammatory bowel
disease; IFN, interferon; IL, interleukin; LPL, lamina propria lympho-
cyte; MAIT cells, mucosal-associated invariant T cells; MR1, major
histocompatibility complex-related molecule 1; NIH, National Institutes
of Health; PBMC, peripheral blood mononuclear cells; RL-7-Me, 7-
methyl-8-D-ribityllumazine; TCR, T cell receptor; TNF, tumor necro-
sis factor; UC, ulcerative colitis; WT, wild-type.
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Icolitis (UC) and Crohn’s disease (CD) are chronic in-
flammatory conditions of the gastrointestinal tract. IBD is
thought to result from a dysregulated immune response to
gut microbiota due to genetic and environmental factors.1,2

Although the exact etiology of IBD is not fully understood,
recent advances in IBD therapy have highlighted the critical
roles of cytokines and immune cells in the pathogenesis of
IBD.3 Neutralizing antibodies specific for tumor necrosis
factor (TNF)-a have been widely used for the treatment of
IBD. Janus kinase inhibitors that inhibit the production of
multiple cytokines have proven to be effective in IBD. The
effectiveness of anti-adhesion molecules for IBD suggests
lymphocytes, especially naïve and effector memory T cells
recruited to the gut tissue, contribute to inflammation in
IBD.4,5

Mucosal-associated invariant T (MAIT) cells are innate-
like T cells that express a semi-invariant T cell receptor
(TCR) a, Va7.2-Ja33 in humans and Va19-Ja33 in mice,
which are restricted by major histocompatibility complex-
related molecule 1 (MR1).6 MAIT cells recognize MR1 li-
gands derived from the riboflavin (vitamin B2) metabolic
pathway7-9 of microbes, and expand in the periphery in the
presence of commensal flora.10,11 MAIT cells were named
after their preferential location in mucosal tissues and have
a critical role in the maintenance of intestinal homeostasis.
Similar to other innate-like T cells, including invariant nat-
ural killer T (iNKT) cells, MAIT cells are rapidly activated
and secrete large amounts of cytokines including TNF-a,
interferon (IFN)-g, and interleukin (IL)-17 as well as per-
forin and granzyme B.12-16 Therefore, MAIT cells are
thought to have important roles in first-line immune re-
sponses. Previously, our group reported the frequency of
MAIT cells was reduced in the peripheral blood of patients
with UC and that the activated status of MAIT cells was
associated with disease activity. In addition, we demon-
strated that MAIT cells accumulated in the inflamed mucosa
of patients with UC.17 A recent single-cell analysis of colonic
T cells in UC revealed the upregulated gene expression of
molecules related to the activation of MAIT cells.18 These
findings suggest that MAIT cells may be involved in the
pathogenesis of IBD. However, the role of MAIT cells in the
context of colitis has not been elucidated. In the present
study, we report that MAIT cells have a pathogenic role in
oxazolone colitis, a murine model of IBD.

Results
Oxazolone Colitis is Ameliorated by MR1
Deficiency

To investigate whether MAIT cells are involved in the
pathogenesis of IBD, oxazolone colitis was induced in
MR1�/� mice lacking MAIT cells and their littermate wild-
type (WT) mice. MR1�/� and WT mice developed colitis,
but the survival rate in MR1�/� mice was higher compared
with that of WT mice (Figure 1A). The body weight was
reduced in MR1�/� and WT mice, and there was no signif-
icant difference between these groups (Figure 1B). There
was less colon shortening and the disease activity index
(DAI) was lower in MR1�/� mice compared with WT mice
(Figure 1C, D). Histologic analysis revealed MR1 deficiency
reduced inflammation in the colon as shown by the
decreased histologic scores in MR1�/� mice compared with
WT mice (Figure 1E, F). We assessed whether colonic MAIT
cells were activated in colitis-induced mice. Although the
frequency of MAIT cells in lamina propria lymphocyte (LPL)
of the large intestine was not affected by the induction of
colitis, the frequency of CD69-expressing MAIT cells was
increased in colitis-induced mice compared with control
mice (Figure 1G, H). MAIT cells can be classified into IFN-g-
producing MAIT 1 and IL-17-producing MAIT 17 cells.19-21

Thus, we also investigated MAIT cells for the expression
of RORgt, a marker of MAIT 17 cells. The frequency of
RORgtþ cells among MAIT cells in LPL was 9.2%. However,
this was not increased by the induction of colitis (Figure 1I).
Although the frequency of MAIT cells in the colon was un-
changed, these cells were activated by the induction of
oxazolone colitis, and MR1 deficiency reduced the severity
of colitis.

Inhibition of MAIT Cell Activation Reduces the
Severity of Colitis

Next, we investigated whether the inhibition of MAIT cell
activation decreased the severity of colitis. Previously, our
group synthesized an MR1 ligand, isobutyl 6-formyl pterin
(i6-FP) (Figure 2A), and demonstrated that MAIT cell acti-
vation was suppressed in mice orally treated with i6-FP by
an MR1-dependent mechanism.22 Next, oxazolone colitis
was induced in WT mice treated with i6-FP orally every
other day starting on the day of colitis induction. i6-FP
treatment increased the survival rate and reduced body
wasting and colon shortening in these mice (Figure 2B-D).
The DAI and histologic score of i6-FP mice were lower than
those of vehicle control mice (Figure 2E-G). These results
indicate that the inhibition of MAIT cell activation sup-
pressed the disease severity of oxazolone colitis.

i-6FP Administration Suppresses Cytokine
Production From MAIT Cells In Vivo

To elucidate the mechanism by which i6-FP treatment
decreased the severity of colitis, we analyzed the cytokine-
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Figure 2. Effect of i6-FP
administration on
oxazolone-induced coli-
tis. (A) Chemical structure
of i6-FP is shown.
Oxazolone-induced colitis
was induced in WT mice
with or without i6-FP
treatment. Survival rate (B)
and percent of body
weight from day 0 (C) are
shown after the intrarectal
administration of oxazo-
lone in mice treated with
i6-FP (n ¼ 40) or control
vehicle (n ¼ 40). (D-F) DAI,
colon length, and histo-
logic score at sacrifice are
shown. (G) Histologic he-
matoxylin and eosin
stained sections from
i6-FP-treated mice and
control mice. One repre-
sentative image from each
group is shown (scale bars,
100 mm). Data are repre-
sented as the mean ±
standard error of the mean
in each group. Significance
was determined using the
Log-rank (Mantel-Cox) test
(B) and the Welch’s t-test
(C-F). *P < .05, **P < .01.
Each symbol represents
data from an individual
mouse.
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producing capacity of MAIT cells as well as other innate-like
T and conventional T cells from i6-FP-treated mice. The
capacity of MAIT cells in the spleen from i6-FP-treated mice
to produce proinflammatory cytokines such as IFN-g and
TNF-a was decreased compared with MAIT cells in vehicle
control mice. In addition, IFN-g and TNF-a production by gd
T cells, iNKT cells, CD4þ T cells, and IL-17A production by
iNKT cells were also decreased in i6-FP-treated mice
(Figure 3A, B). We also assessed the effect of i6-FP
Figure 1. (See previous page). Effect of MR1 deficiency on
induced in MR1�/� (n ¼ 32) and littermate WT control mice (n ¼ 3
are shown after the intrarectal administration of oxazolone. (C-E)
(F) Representative pictures of hematoxylin and eosin-stained se
mm). (G-I) Flow cytometric evaluation of the frequencies of total
among MAIT cells 24 hours after oxazolone (oxa) or control (ct
using a forward scatter area (FSC-A) versus side scatter area (S
FSC-width (FSC-W) and SSC-A versus SSC-width (SSC-W) plo
were excluded to gate out cells that had bound to antibodies
CD3þ MR1/5-OP-RU tetramerþ cells. (H) Representative flow
Significance was determined using the Log-rank (Mantel-Cox)
resented as the mean ± standard error of the mean in each gro
treatment on the cytokine producing capacity of LPL in
the large intestine. i6-FP treatment decreased IFN-g pro-
duction by MAIT and CD8þ T cells, and IL-17A production
by gd T cells (Figure 4A, B). The suppression of MAIT cell
activation by i6-FP treatment appeared to decrease cytokine
production by CD8þ other innate-like T and gd T cells and
the inhibitory effect of i6-FP on these cells was not observed
in i6-FP treated-MR1�/� mice lacking MAIT cells (Figure 5A,
B), which suggests that i6-FP treatment indirectly
oxazolone-induced colitis. Oxazolone-induced colitis was
0). Survival rate (A) and percent of body weight from day 0 (B)
DAI, colon length, and histologic score at sacrifice are shown.
ctions of colon from MR1�/� and WT mice. (Scale bars, 100
MAIT cells, CD69þ cells among MAIT cells and RORgtþ cells
rl) administration intrarectally (n ¼ 8). (G) LPL were gated on
SC-A) plot. Single cells were selected by using FSC-A versus
ts. Zombie green positive dead cells and F4/80 positive cells
and tetramers non-specifically. MAIT cells were identified as
cytometry profiles of CD69-stained MAIT cells are shown.
test (A) and Welch’s t-test (B-E, G-I). *P < .05. Data are rep-
up. Each symbol represents data from an individual mouse.
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suppressed these cells via the inhibition of MAIT cell acti-
vation. These results indicate that the inhibition of MAIT cell
activation reduced cytokine production in MAIT cells as well
as other innate-like T cells and CD4þ T cells.

Inhibition of MAIT Cell Activation With i6-FP
Does Not Affect Gut Integrity

A previous study showed that MAIT cells have an
important role in the maintenance of gut barrier integrity in
NOD mice.23 To test the permeability of the gut, MR1�/� and
WT mice were orally administered fluorescein isothiocya-
nate (FITC)-dextran and the plasma concentration of FITC-
dextran was measured 4 hours later. As expected, the
level of FITC-dextran was higher in MR1�/� mice compared
with WT mice (Figure 6A), suggesting the lack of MAIT cell
may cause an increase in intestinal permeability. Next, to
evaluate whether intestinal permeability was increased by
the inhibition of MAIT cell activation, WT mice were orally
treated with i6-FP or control vehicle every other day, and on
day 5, FITC-dextran was administered. There was no sig-
nificant difference in the plasma FITC-dextran concentration
between i6-FP-treated and control mice (Figure 6B). These
results indicate that MAIT cells contribute to the mainte-
nance of gut integrity and that the short-term inhibition of
MAIT cell activation by i6-FP does not affect intestinal
permeability.

Cytokine Production by MAIT Cells From Patients
With UC is Suppressed by i6-FP

Previously, we demonstrated that in vitro treatment with
a stimulatory MR1 ligand, 7-methyl-8-D-ribityllumazine
(RL-7-Me), induced the expression of an activation marker,
CD69, on murine MAIT cells, which was suppressed by the
presence of i6-FP. However, it is not known whether i6-FP
inhibits the activation and cytokine production of human
MAIT cells. Peripheral blood mononuclear cells (PBMCs)
isolated from patients with UC were treated with RL-7-Me in
the presence or absence of i6-FP. MAIT cells produced IFN-g
and TNF-a upon stimulation with RL-7-Me. As expected,
cytokine production was not observed in MAIT cells treated
with i6-FP. However, i6-FP treatment reduced the frequency
of IFN-g or TNF-a positive MAIT cells stimulated with RL-7-
Me (Figure 7). These results indicate that i6-FP treatment
may also reduce the cytokine production of MAIT cells in
patients with UC.

Discussion
As previously reported by us and others, the frequency

of MAIT cells in the peripheral blood of patients with UC and
CD was significantly reduced compared with healthy
Figure 3. (See previous page). Cytokine production by innate
TNF-a, and IL-17A intracellular staining of MAIT cells, iNKT cells
mice in the control group (n ¼ 17) or i6-FP-treated mice (n ¼ 1
ionomycin stimulation are shown. Representative flow cytome
producing cells (B). Data are represented as the mean ± stand
mined using Welch’s t-test. *P < .05, **P < .01. ***P < .001. Ea
donors.17,24,25 Furthermore, MAIT cells accumulated in the
inflamed mucosa of patients with UC and CD, suggesting
they might be associated with inflammation of the mucosal
tissues in IBD.17,25 However, the role of MAIT cells in colitis
is poorly understood.

The severity of oxazolone colitis in MR1-deficient mice
or mice treated with i6-FP was lower than that in control
mice, suggesting MAIT cells have a pathogenic role in the
setting of colitis. The pathophysiology of oxazolone colitis
was originally thought to be mediated by Th2 cytokines.26,27

However, Iijima et al reported that the severity of oxazolone
colitis in IL-4�/� and IFN-g�/� mice was significantly
reduced.28 Moreover, Watabe et al recently reported that IL-
17, in addition to IFN-g and IL-4, was also increased in
association with the severity of oxazolone colitis.29 These
findings indicate that various cytokines may contribute to
the pathogenesis of oxazolone colitis, similar to that in hu-
man UC.2,30 MAIT cells have high cytokine-producing ca-
pacity, and we observed a decrease in the production of
cytokines including IFN-g and TNF-a by MAIT cells in the
splenocytes and LPL of mice treated with i6-FP. In addition,
a similar reduction of cytokine production was also
observed in gd T cells, iNKT cells, and CD4þ T and CD8þ T
cells in mice treated with i6-FP. Therefore, we assumed that
the amelioration of oxazolone colitis by i6-FP treatment was
not only related to the suppressive effect on MAIT cell
activation but was also because of secondary effects on
other cell types by inhibiting the activation of MAIT cells.
These results suggest that MAIT cells have a pathogenic role
in oxazolone colitis mainly via the production of Th1
cytokines.

Gut barrier dysfunction is known to be related to the
pathogenesis of colitis. Although the pathogenesis of IBD is
poorly understood, impaired barrier function due to genetic
and environmental factors may contribute to the onset and
course of the disease.1,31 Indeed, increased intestinal
permeability was reported in patients with IBD, especially
those who developed a flare.32 A recent study reported that
the enhanced severity of colitis in mice induced by the
administration of dextran sodium sulfate was associated
with increased intestinal permeability related to a defi-
ciency in the Mediterranean fever gene, which controls
barrier function via IL-18.33 MAIT cells are activated by
microbe-derived antigens and produce cytokines including
IL-17A, which is important in maintaining gut integrity.34

The expressions of the claudin 4 and claudin 8 genes, key
components of tight junctions, were downregulated in
MR1–/– mice.35 Transcriptome analysis of human and mu-
rine MAIT cells showed a tissue repair profile, and tissue
repair genes including furin, CCL3, and IL-26 were upre-
gulated in human MAIT cells upon their activation.36,37

Rouxel et al showed that MAIT cells have a key role in
-like T cells and T cells in mice treated with i6-FP. IFN-g,
, gd T cells, and CD4þ and CD8þ T cells in splenocytes from
8) 6 hours after phorbol 12-myristate 13-acetate (PMA) and
try profiles (A) and the percentages of indicated cytokine-
ard error of the mean in each group. Significance was deter-
ch symbol represents data from an individual mouse.
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Figure 4. (See previous page). Cytokine production by innate
TNF-a, and IL-17A intracellular staining of MAIT cells, iNKT cell
the control group (n ¼ 12) or i6-FP-treated mice (n ¼ 12) and re
myristate 13-acetate (PMA) and ionomycin stimulation are sho
centages of indicated cytokine-producing cells (B). Data are re
group. Significance was determined using Welch’s t-test. *P < .
an individual mouse.

Figure 5. Cytokine production by innate-like T and T cells
in from MR1L/L mice treated with i6-FP. IFN-g, TNF-a,
and IL-17A intracellular staining of MAIT cells, iNKT cells, gd T
cells, and CD4þ and CD8þ T cells in splenocytes (A) and LPL
(B) from MR1�/� mice treated with i6-PF (n ¼ 8) or control
vehicle (n ¼ 8) 6 hours after phorbol 12-myristate 13-acetate
(PMA) and ionomycin stimulation are shown. Data represent
the mean ± SEM of each group. Significance was determined
using Welch’s t-test. Each symbol represents data from an
individual mouse.

Figure 6. Intestinal permeability in MR1-deficient and i6-
FP-treated mice. (A) FITC-dextran concentration in the
plasma 4 hours after the oral administration of FITC-dextran
to MR1�/� (n ¼ 16) and littermate WT (n ¼ 15) (A), or WT
mice with (n ¼ 15) or without i6-FP treatment (n ¼ 15) (B).
Data are represented as the mean ± SEM in each group.
Significance was determined using Welch’s t-test. *P < .05.
Each symbol represents data from an individual mouse.
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maintaining gut integrity in NOD mice.23 In this regard, we
also observed increased intestinal permeability in MR1–/–

mice compared with WT mice in the current study. Thus, the
constitutive deficiency of MAIT cells may induce inflam-
mation in the gut because of increased intestinal perme-
ability. However, MR1-deficient mice do not show any
apparent spontaneous symptoms of colitis, presumably
because of the lack of MAIT cells. These findings indicate
that MAIT cells contribute to the maintenance of gut barrier
by several factors including IL-17A but act as major effector
cells in tissue inflammation in the colon.

The suppression of MAIT cell activation by treatment
with i6-FP did not elicit increased intestinal permeability.
Rather, the inhibition of MAIT cell activation with short-
term i6-FP treatment decreased the disease severity of
oxazolone colitis compared with MR1 deficiency. Although
there was no difference in body wasting between the MR1
and WT groups, i6-FP treatment reduced weight loss. Dif-
ferences in the DAI, colon shortening, and histologic scores
between i6-FP and control treatment groups were more
apparent than between the MR1–/– and WT groups. This
may be related to the effect of i6-FP, which reduces intes-
tinal inflammation without affecting intestinal permeability.

The overactivation of CD4þ T cells, including dysregu-
lated responses against commensal bacteria, can cause in-
testinal inflammation in mice and humans.1 The infiltration
of activated CD4þ T cells into the lamina propria was
observed in patients with IBD and murine models of colitis.
Innate-like T cells including iNKT cells, dgT cells, and MAIT
cells are enriched in these tissues and have important roles
-like T cells and T cells in mice treated with i6-FP. IFN-g,
s, gd T cells, and CD4þ and CD8þ T cells in LPL from mice in
presentative flow cytometry profiles 6 hours after phorbol 12-
wn. Representative flow cytometry profiles (A) and the per-
presented as the mean ± standard error of the mean in each
05, **P < .01. ***P < .001. Each symbol represents data from



Figure 7. Cytokine production by MAIT cells treated with
RL-7-Me with or without i6-FP. PBMCs from patients with
UC were treated with RL-7-Me for 16 hours in the presence or
absence of i6-FP. The percentages of IFN-g- and TNF-a-
positive cells among MAIT cells are shown. Data are repre-
sented as the mean ± standard error of the mean in each
group. Significance was determined using analysis of vari-
ance with Tukey’s multiple comparisons test. *P < .05. Each
symbol represents data from an individual subject.
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in tissue inflammation. A critical role of iNKT cells was
shown in the development of oxazolone colitis.38 i6-FP
treatment reduced the production of TNF-a and IFN-g by
MAIT cells as well as other innate-like T cells and CD4þ T
cells. Thus, the inhibition of MAIT cell activation might
further reduce the production of inflammatory cytokines by
other innate-like T cells and CD4þ T cells. Although the role
of dgT cells in oxazolone-induced colitis is not known,
IL-17A produced by dgT cells was important for the pro-
tection of the intestinal barrier.34 IL-17 production by
innate-like T cells and other T cells except iNKT cells was
not decreased by treatment with i6-FP. Thus, the marked
effect of i6-FP treatment on colitis may be partially due to
its ability to strongly inhibit the production of Th1 cytokines
by innate-like T cells and T cells.

The results of this study indicate that MAIT cells
contribute to the pathogenesis of oxazolone colitis. Of note,
we demonstrated that the inhibition of MAIT cell activation
using i6-FP suppressed the severity of colitis, which was
associated with the reduced cytokine-producing capacity of
MAIT cells, innate T cells, and T cells. Previously, we
demonstrated that the activated status of MAIT cells posi-
tively correlated with disease activity in patients with UC,
and that MAIT cells accumulated in inflamed mucosa.
In vitro cytokine production by MAIT cells from patients
with UC was reduced by treatment with i6-FP. This suggests
MAIT cells have a key role in the pathogenesis of human
colitis and that they might be a novel therapeutic target for
IBD.
Methods
Mice

C57BL/6J mice were obtained from the Sankyo Labo
Service Corporation (Tokyo, Japan). MR1�/�mice on the
C57BL/6 background were provided by S. Gilfillan
(Department of Pathology and Immunology, Washington
University School of Medicine, St. Louis, MO). Mice were
maintained under specific pathogen-free conditions in a
room with controlled temperature (21–23�C) and a 12-hour
light/dark cycle. Mice were fed chow, CRF-1 (Oriental Yeast
Co, Ltd, Tokyo), and water ad libitum. Experimental pro-
cedures were performed in accordance with the institu-
tional guidelines of Juntendo University (2020164/1200).
All mice used for the experiments were male and between
the ages of 8 and 20 weeks.
Induction of Colitis
Male MR1�/� mice on the C57BL/6J background and

their littermate MR1þ/þ controls maintained in our facility
and male C57BL/6J mice obtained from the vendor were
used for the murine model of IBD, oxazolone colitis. Here-
after, the littermate MR1þ/þ in our facility and C57BL/6J
from the vendor are referred to as WT mice. MR1�/� mice
and their littermate WT mice were used at 13 to 18 weeks
of age, and WT mice from the vendor were used at 16 to 20
weeks of age. Oxazolone colitis was induced in these mice by
a previously described protocol with a minor modifica-
tion.29 Briefly, mice were sensitized with 150 mL of 4-
ethoxymethylene-2-phenyl-2-oxazolin-5-one (oxazolone;
Sigma-Aldrich, St. Louis, MO) at a concentration of 3% in
100% ethanol by skin painting on day 0. Control mice were
painted with 100% ethanol on day 0. On day 5, MR1�/� and
littermate WT mice were administered intrarectally with
200 mL of 1% oxazolone in 50% ethanol, and WT mice were
administered intrarectally with 200 mL of 0.2% oxazolone in
50% ethanol. In some experiments, the large intestines were
collected 24 hours after the intrarectal administration of
oxazolone or ethanol control to analyze the expressions of
CD69 and RORgt on MAIT cells in the LPL population. We
optimized the age of animals and the concentration of
intrarectally administered oxazolone because the colitis
induced in our animal facility was more severe than usual,
and the susceptibility of mice from the vendor was even
higher than that of mice intercrossed and maintained in our
facility. Therefore, the survival rate during the induction of
colitis was assessed. The DAI was determined using previ-
ously reported methods with minor modifications.26 Briefly,
the DAI is calculated from the sum of 3 parameters as fol-
lows: body weight, 0 to 4 (0, no loss; 1, 1%–5% loss; 2, 5%–
10% loss; 3, 10%–20% loss; 4, <20% loss); stool consis-
tency, 0 to 2 (0, normal; 1, loose; 2, diarrhea); and presence
of blood in the stools, 0 to 2 (0, normal; 1, occult bleeding; 2,
gross bleeding). DAI in mice that died before study termi-
nation were excluded from the analysis. Mice were then
euthanized for histologic assessment.
Histologic Analysis
Tissue sections of colons were fixed in 10% formalin.

Paraffin-embedded sections were stained with hematoxylin
and eosin. Histologic scores were calculated by the sum of 4
parameters as follows: infiltration of mononuclear cells, 0 to
2 (0, normal; 1, mild; 2, moderate); reduction of goblet cell,
0 to 1 (0, no; 1, yes); crypt inflammation, 0 to 2 (0, normal;
1, cryptitis; 2, crypt abscess), and epithelial damage



Table 1.Characteristics of the Patients Included in the Study

Characteristic Patients with UC (n ¼ 6)

Mean age ± SD, y 47.7 ± 13.3

Sex (male/female) 4/2

Mean duration of disease ± SD, y 12.0 ± 11.6

Disease location, n
Proctitis 2
Left-sided colitis 1
Extensive colitis 3

Ongoing treatments, n
5-ASA 5
Azathioprine, 6-MP 2
Anti-TNF therapy 2
Anti-a4b7 integrin therapy 1
PSL 2

Median Lichtiger index (range) 1 (0-1)

Median UCEIS (range) 1.5 (0-3)

Mean CRP ± SD, mg/dL 0.17 ± 0.21

5-ASA, 5-Aminosalicylic acid; CRP, C-reactive protein; 6-MP,
mercaptopurine; PSL, prednisolone; SD, standard deviation;
TNF, tumor necrosis factor; UC, ulcerative colitis; UCEIS,
Ulcerative Colitis Endoscopic Index of Severity.
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(0, normal; 1, erosion; 2, ulcer), following methods previ-
ously described with a minor change.28,29,38

Flow Cytometry
The large intestine was harvested from mice 24 hours

after the administration of oxazolone or ethanol. Colonic
LPL were isolated from the large intestine using a Lamina
Propria Dissociation Kit, gentleMACS Dissociator (Miltenyi
Biotec, North Rhine-Westphalia, Germany), and Percoll
density-gradient centrifugation. Cells were stained using the
Zombie Green Fixable Viability Kit (BioLegend, San Diego,
CA) and then incubated with combinations of the following
monoclonal antibodies: anti-CD3-Alexa700, anti-F4/80-
FITC, and anti-CD69-PE-Cy7 (BioLegend). mMR1 tetramers
loaded with 5-OP-RU-BV421 were used (National Institutes
of Health [NIH] tetramer core facility at Emory University).9

All data were acquired on a FACS LSRFortessa (BD Bio-
sciences) and analyzed by FlowJo software (TreeStar Inc,
Ashland, OR).

Suppression of MAIT Cell Activation
i6-FP was synthesized by SundiaMediTech Company, Ltd

(Shanghai, China). Mice orally received i6-FP (15 mg/kg) or
control vehicle (10% dimethylsulfoxide in phosphate buff-
ered saline) on the day of the induction of colitis, and 0, 2, 4,
and 6 days later. Eight- to thirteen-week-old male WT or
MR1�/� mice received 15 mg/kg of i6-FP or control vehicle
orally on days 0, 2, and 4. On day 5, the spleen and large
intestine were harvested for experiments related to the
intracellular cytokine staining of splenocytes or measure-
ment of intestinal permeability.

Intracellular Staining and Flow Cytometry
Spleens and large intestines were harvested from mice

treated with i6-FP or control vehicle, splenocytes were
isolated by homogenization, and erythrocytes were cleared
with ammonium-chloride-potassium lysing buffer. LPL were
isolated as described above. Splenocytes and LPL (2 � 106

cells/well) were cultured in 96-well flat-bottom plates in
RPMI 1640 supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 50 U/mL penicillin, and 50 mg/mL strep-
tomycin (all from Thermo Fisher Scientific, Waltham, MA).
Splenocytes were stimulated with phorbol 12-myristate 13-
acetate (50 ng/mL, Sigma-Aldrich) and ionomycin (500 ng/
mL, Sigma-Aldrich) for 6 hours. GolgiPlug (0.67 mg/ml, BD
Biosciences, San Jose, CA) was added during the final 3
hours. Cells were stained using the Zombie Green Fixable
Viability Kit (BioLegend) and then incubated with combi-
nations of the following monoclonal antibodies: anti-CD3-
Alexa700, anti-F4/80-FITC, anti-TCR-gd-PerCP-Cy5.5
(BioLegend), anti-CD4-APC-H7, and anti-CD8a-V500 (BD
Biosciences). mCD1d tetramers loaded with PBS-57-APC
and mMR1 tetramers loaded with 5-OP-RU-BV421 were
used (NIH tetramer core facility at Emory University).9 After
staining the cell-surface antigens, intracellular staining was
performed using the BD Cytofix/Cytoperm Fixation/
Permeabilization Solution Kit (BD Biosciences) and anti-IFN-
g-PE-Cy7 or anti-IFN-g-PE, anti-TNF-a-PE-Cy7, and anti-IL-
17A-PE-Cy7 or anti-IL-17A-PE (BioLegend) and RORgt
staining was performed using Foxp3 / Transcription Factor
Staining Buffer Set (Thermo Fisher Scientific) and anti-
RORgt-PE(Thermo Fisher Scientific). All data were acquired
on a FACS LSRFortessa and analyzed by FlowJo software.

Analysis of Intestinal Permeability
After overnight starvation, mice were orally adminis-

tered FITC-dextran (Sigma-Aldrich) (44 mg per 100 g body
weight) as previously described.23 Four hours later, blood
was collected and centrifuged at 3000 � g for 20 minutes at
4�C. Plasma was diluted with water, and the fluorescence
intensity was measured by Flex Station 3 (Molecular De-
vices, San Jose, CA).

Human Samples
Six patients with UC (Table 1) participated in this study.

The clinical activity index of patients was evaluated using
the Lichtiger index, and the endoscopic severity was
determined using the Ulcerative Colitis Endoscopic Index of
Severity. Peripheral blood was drawn after obtaining
informed consent in accordance with the local ethical
committee guidelines of Juntendo University. PBMCs were
isolated from whole blood by density-gradient centrifuga-
tion using BD Vacutainer CPT Mononuclear Cell Preparation
Tubes with Sodium Heparin (BD Biosciences). PBMCs were
cryopreserved in cryopreservation medium (Bambanker;
Nippon Genetics, Tokyo, Japan) until used.

Ex Vivo Culture and Intracellular Cytokine
Staining of Human PBMCs

PBMCs (1 � 106cells/well) were incubated with or
without i6-FP (100 mM) for 30 minutes in RPMI 1640, and
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incubated for 16 hours in 100 mM of 7-methyl-8-D-ribi-
tyllumazine (RL-7-Me) synthesized as previously
described.9 GolgiPlug (0.67 mg/ml, BD Biosciences) was also
added for the final 16 hours. The cells were stained using a
Zombie Yellow Fixable Viability Kit (BioLegend), and com-
binations of the following monoclonal antibodies were used
for the cell-surface and intracellular staining: anti-CD3-APC-
H7 (BD Biosciences), anti-CD19-V500 (BD Biosciences),
hMR1 tetramers loaded with 5-OP-RU-BV421 (NIH tetramer
core facility at Emory University), IFN-g-PE-Cy7 (eBio-
science), and anti-TNF-a-PE-Cy7 (BD Biosciences). All data
were acquired on a FACS LSRFortessa (BD Biosciences) and
analyzed by FlowJo software (TreeStar Inc).
Statistical Analysis
All data were analyzed using GraphPad Prism (Graph-

Pad, Inc, San Diego, CA). Statistical differences were
analyzed with the Log-rank (Mantel-Cox) test or Welch’s t-
tests or 1-way analysis of variance with Tukey’s multiple
comparisons test.
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