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Table 2 miRNAs upregulated in the lamina propria and predicted to
bind to GRAIL

miRNA Ratio (LP/SP)
mmu-miR-290-5p 2.15
mmu-miR-295 1.26
mmu-miR-330 1.18
mmu-miR-290-3p 1.16
mmu-miR-26b 1.15

We introduced DO11.10 cells with an anti-miR-290
inhibitor to confirm that miR-290-5p inhibits GRAIL pro-
tein expression. The expression of GRAIL protein was
increased after the introduction of an anti-miR-290 inhib-
itor (Fig. 3c). Next, to confirm that miR-290-5p can inhibit
the translation of GRAIL mRNA, we generated a plasmid
vector, pMIR-GRAIL-3'UTR, in which the putative miR-
290-5p binding site of GRAIL was inserted downstream of
the firefly luciferase open-reading frame, and conducted a
luciferase ‘reporter assay using a pMIR-GRAIL-3'UTR
vector co-transfected with the miR-290 precursor. Firefly

A

Seed
SO0

GRAIL-3UTR TGAGTTTACATTTCGCCTTGTCGT

miR-280-5p  ACTCAAAC TATGG. GGCACTTT

anti- negative
miR-290 control kDa

GRAIL Wl Sl ¢

1.38 1.b0
B-actin S s 45

Fig. 3 miR-290-5p regulates GRAIL expression in vitro. a The
sequences of miR-290-5p and 3'UTR of GRAIL. b Expression of
miR-290-5p was determined by gqRT-PCR. Expression of miR-290-5p
was significantly higher in the LP of /l-10™~ mice than in the other
lymphoid tissues and was significantly lower in the LP of II-10~"mice
than of [I-10™~ mice. The levels of miR-290-5p normalized by
snoRNA135 are shown (n = 8, **P < 0.01). ¢ Expression of GRAIL
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luciferase activity was significantly decreased by trans-
fection of the miR-290 precursor compared to the negative
control (Fig. 3d). These results confirmed that miR-290-5p
can inhibit expression of GRAIL protein via binding to the
GRAIL-3'UTR.

T cells overexpressing GRAIL express regulatory
markers

The plasmid vector designed to express pAcGFP1 and
GRAIL was transfected in DO11.10 cells and we evaluated
the expression of markers for regulatory T cells, e.g.,
FoxP3, GITR, and CTLA-4 [27]. The grail mRNA was
confirmed to be expressed in the cells transfected with
pAcGFP1-GRAIL (Fig. 4a). The foxp3 and gitr mRNA
levels were significantly higher in the cells transfected with
pAcGFP1-GRAIL than in those transfected with the con-
trol vector (Fig. 4a). The protein levels of IL-10 and TGF-
B were significantly lower in the cells with transfection of
pAcGFP-GRAIL than in the cells transfected with the
control GFP vector (Fig. 4b). These results are consistent
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protein was determined by western blotting after the transfection of
DO11.10 cells with an anti-miR-290-5p inhibitor. Relative protein
levels were determined by densitometry. d Luciferase activity was
determined by the transfection of NIH-3T3 with GRAIL-3'UTR
reporter together with miR-290 precursor. Luciferase activity was
significantly decreased by miR-290 precursor compared with the pre-
miR™ miRNA negative control (n = 6, **P < 0.01)
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Fig. 4 Forced expression of GRAIL converts DO11.10 cells to a
regulatory phenotype. a Either pAcGFP-GRAIL vector or empty
PACGFP vector was transfected to DO11.10 cells, and grail, foxp3,
gitr, and ctla-4 mRNA expressions in AcGFP positive cells were
determined by qRT-PCR. Expressions of foxp3 and gitr mRNA were
significantly higher in GRAIL-overexpressing cells than in cells
transfected with control vector (n =5; *P < 0.05; **P < 0.01).

with the previous report showing forced expression of
GRAIL converts DO11.10 to a suppressor phenotype,
irrespective of the suppressive cytokine expressions [12].
The suppressive effect on proliferative activity of the naive
responder cells by the GRAIL-expressing DO11.10 T cell
line has also been demonstrated [12]. Similarly, cell divi-
sion was decreased in the presence of GRAIL-transfected
cells when compared to the GFP control cells (Supple-
mentary Fig. 4). Thus, GRAIL expression converted T
cells to a regulatory phenotype independent of regulatory
cytokines, such as IL-10 and TGF-p.

Effect of GRAIL™E" T cell-transfer on intestinal
inflammation in murine colitis induced by dextran
sodium sulfate

To assess the function of GRAIL, C57BL/6]J mice orally
administered 2 % DSS were injected with GRAIL-over-
expressing DO11.10 (GRAILhigh) T cells. The injection
of GRAIL™" T cells significantly suppressed the body-
weight loss of mice with DSS colitis (Fig. 5a). The
length of the colon was significantly longer in mice
transferred with GRAIL™® T cells than in the control
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b DO11.10 cells transfected with pAcGFP1-GRAIL or empty vector
were cultured in vitro with anti-CD3 and anti-CD28 mAb for 24 h
and the culture supernatants were analyzed for TGF-B, IL-10, and IL-
2 by ELISA. The expressions of TGF- and IL-10 were significantly
higher in the control group than in the GRAIL group (n = 5;
*P < 0.05)

group (Fig. 5b, c). The cellular profile was not different
between recipient mice transferred with GRAILM&" cells
and the control mice (Supplementary Fig.5). The his-
tology of the colon section showed less infiltration of
inflammatory cells in mice transferred with the
GRAIL"&" cells when compared with the control group,
and myeloperoxidase activity tended to be lower in the
GRAIL"" group than the control group, but these
results did not reach statistical significance (Fig. 5d, e,
Supplementary Fig. 6A). The GRAIL™E" T cells were
detected mainly in the abdomen by in vivo imaging
system (Supplementary Fig. 6B) and GFP-positive cells
were confirmed to be located in the colonic LP of mice
transferred with GRAIL™" T cells (Fig. 5f).

GRAIL-positive cells express FoxP3 in the lamina
propria of CD patients

We further examined the expression of FoxP3 and GRAIL
in the colonic lamina propria of CD patients and control
subjects. Many GRAIL-positive cells were co-stained with
anti-FoxP3 antibody, especially in the inflamed, colonic LP
of the patients with CD (Fig. 6).
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Fig. 5 Transfer of GRAIL"E" T
cells suppresses colonic
inflammation induced by
dextran sodium sulfate. a Mice
induced with DSS colitis were
injected with either GRAILME®
DO11.10 (GRAIL) or the cells
transfected with the GFP-
expressing empty vector (GFP)
on day 2. Mice injected with
GRAILME" cells were
significantly protected from
body-weight loss compared to
the control group (n = 6;

**P < 0.01). b Macroscopic
pictures of the colon with or
without GRAIL™M" cell-transfer.
¢ The colon lengths of mice
with GRAIL™#" cell-transfer
were significantly longer than
those of the control group

(n = 6; *P < 0.05).

d Representative H&E sections
of the distal colon of mice
injected with either GRAIL™E"
or control cells (magnification,
x10). Bar 100 pm.

e Histological scores of
GRAIL"&" and control groups
(n = 6, not significant).

f Colonic sections of mice with
DSS colitis, injected with
GRAILM#" cells or control cells,
were stained with an anti-GFP
antibody. The GFP-positive
cells expressing GRAIL (arrow)
were observed in the colonic
lamina propria (scale bar

100 pm)

Fig. 6 Immunohistochemical
staining of FoxP3 and GRAIL
in the non-inflamed, colonic
mucosa of colon cancer patients
(control) and in the inflamed
mucosa of CD patients. Colonic
tissues were stained with anti-
GRAIL antibody followed by
Alexa®488-labeled anti-rabbit
IgG (green), mouse anti-FoxP3
antibody followed by Texas red-
labeled anti-mouse IgG (red),
and DAPI (blue). The
representative pictures are
shown (color figure online)
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Discussion

Our present study demonstrated for the first time the
expression of GRAIL in the peripheral blood of CD
patients and mice with experimental colitis. We also
demonstrated the unique local regulation of GRAIL by
miRNA. We have previously reported that GRAIL mRNA
expression was increased in the peripheral blood CD4* T
cells of patients with UC in the remissive state, while the
levels of GRAIL were not different between HV and UC in
the active state [15]. In the present study, we demonstrated
that GRAIL mRNA and protein expressions were lower in
the peripheral blood CD4™ T cells of the patients with CD
than in those of healthy subjects, irrespective of the activity
of the patients with CD. Thus, the expression pattern of
GRAIL in the peripheral blood is completely different
between UC and CD. Our present results suggest that
systemic T-cell anergy is abrogated in patients with CD,
even in patients who have established clinical remission.
Decrease of GRAIL expression in the peripheral blood of
CD4™" T cells may be used as a new biomarker of CD. Our
present results showing difference in the expression of
GRAIL between CD and UC are consistent with the fact
that T-cell cycle abnormalities are present in CD, indicat-
ing a state of hyperreactivity compatible with a loss of
tolerance in contrast to a hyporeactive state in UC [28].
The precise mechanisms of the difference of T cell states
are unknown, and the differences in anergic immune status
between CD and UC need to be further investigated.

Our study demonstrated the unique expression and
regulation of GRAIL in the LP in physiological and
inflammatory conditions. In non-colitic mice, GRAIL
protein expression was lower in LP CD4% T cells,
regardless of the high expression of GRAIL mRNA, in
comparison to the SP CD4*" T cells. In terms of the dis-
crepancy between mRNA and protein levels of GRAIL in
the LP, we initially speculated that GRAIL protein degra-
dation by Otub-1 might mediate the discrepancy of GRAIL
mRNA and protein expressions [25]. Otub-1 is a member
of the deubiquitinating enzymes group (DUBs) with the
capacity to cleave proteins at the ubiquitin-protein bond
using its cysteine protease domain. GRAIL expression is
reduced by Otub-1 expression via the abrogation of ubig-
uitin-specific protease (USP) 8-mediated deubiquitination
and stabilization of GRAIL [14, 29]. Otub-1 expression,
however, was not found to be associated with the local
regulation of GRAIL in this study. Recent studies have
shown that miRNAs are associated with the pathogenesis
of CD using plasma and colonic tissues [30], but the
functions of these miRNAs are not yet clarified. In the
present study, we firstly identified a novel system to sup-
press GRAIL protein expression by miR-290 in the normal
intestinal mucosa. Elevation of miR-290 was observed in

the LP CD4™ T cells of control mice, but not in those of
inflamed colon or in other lymphoid organs (SP, MLN). In
the non-inflammatory condition, translation of GRAIL was
suggested to be suppressed by miR-290. In contrast, the
GRAIL protein expression might not be decreased because
the expression of miR-290 was not increased in the
inflammatory condition. Thus, GRAIL protein expression
turned out to be higher in the LP CD4" cells from colitic
mice than in those from control mice. In addition to the
regulation by miRNA, the GRAIL"E" T cells migrated to
the inflamed intestine (Fig. 5f, Supplementary Fig. 6B).
The alteration of cellular migration after the expression of
GRAIL must be further investigated.

The regulatory role of GRAIL™®" DO11.10 cells has
already been demonstrated in vitro [12]. We confirmed a
regulatory function of GRAIL"&" T cells by investigating
the proliferative activity of fluorescent-labeled T cells
(Supplementary Figure 4). GRAIL™®" T cells did not
exhibit either the upregulation of regulatory cytokines or
the decrease of the effector cytokines (Fig. 4b). These
results were consistent with the results showing that
GRAIL™E" T cells exhibit a regulatory function without the
induction of regulatory cytokines [12]. GRAIL-positive T
cells were also shown to highly express FoxP3. In addition,
we demonstrated that transfer of GRAIL"® T cells par-
tially reduced intestinal inflammation in murine colitis.
These results indicated that GRAIL-expressing T cells
have a potential to prevent acceleration of inflammation in
the intestinal mucosa. Although cells co-expressing FoxP3
and GRAIL were highly detected in the inflamed mucosa
of the colon of CD patients, intestinal inflammation was
evident in the CD patients. An ameliorative effect of
GRAIL may not be so powerful as to establish a complete
reduction of inflammation. We may have to investigate
whether the GRAIL™" cells still maintain a regulatory
function in the local inflammatory site. The pathophysio-
logical roles of GRAIL-expressing T cells are yet to be
further investigated in relation to luminal antigens and
commensal bacteria that reside in the intestine.

It should be noted as a limitation of our study that no
identical miRNA for murine miR-290 was found in the
database for humans (miRBase). Because the GRAIL
expression pattern in the LP CD4™ T cells was similar in
patients with CD and 7I-10™~ mice, it was speculated that
the GRAIL of CD patients is regulated by a similar
mechanism to that of I-J0™~ mice. This regulatory
mechanism of GRAIL by miRNA can be novel for con-
trolling immune status via the alteration of the anergic
status of CD4™ T cells, and more investigation is required
to search for the miRNAs that control GRAIL in humans.

In conclusion, our study revealed a reduction of GRAIL
expression in the peripheral blood of patients with CD. We
also showed the presence of GRAIL-expressing CD4"
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T cells in the inflamed intestinal mucosa and a novel reg-
ulatory mechanism of GRAIL by miRNA. Our under-
standing of miRNA biogenesis will provide insight into the
cellular functions in the inflammatory processes of IBD. A
more precise investigation of the regulatory mechanisms of
GRAIL would help to explore powerful therapeutic strat-
egies for controlling inflammation by inducing anergy.
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