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Kunai T, Watanabe M. Requirement of Notch activation during
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Liver Physiol 296: G23-G35, 2009, First published November 20,
2008 dow: 10,1 1532/ajpgi1. 902252008 —Notch signaling regulates cell
differentiation and prohiferation, contributing o the mantenance of
diverse tissues including the intestinal epithelia. However, its role in
ussue regeneration is less undersiood. Here, we show that Notch
signaling is activated in a greater number of intestinal epithelial cells
in the nflamed mucosa of colitis, Inhibiton of Notch activanon
m vivo using a y-secretase inhibitor resulted in a severe exacerhation
of the colitis attributable 10 the loss of the regenerative response
within the epithelial layer. Acuvanon of Noich supporied epithelial
regeneration by suppressing goblet cell differentiation, but it also
prometed cell proliferation, as shown in in vivo and in vitro studics
By utilizing tetracycline-dependent gene expression and muicroarriy
analysis, we identified a povel group of genes that are regulated
downstream of Notchl within intestinal epathelial cells, including
PLA2G2A. an antimicrobial peptide secreted by Paneth cells. Finally,
we show that these functions of scivated Notehl are present in the
mucosa of ulcerative colins. mediating cell proliferaton, goblet cell
depletion. and ectopic expression of PLA2G2A, thereby contributing
to the regeneration of the damaged epithelia. This study showed the
critical involvement of Notch signaling during intestinal tissue regen-
eration. regulatung differentistion, proliferation. and antimicrobial
response of the epithelial cells. Thus Notch signaling 15 a key
intracellular molecular pathway for the proper reconstruction of
the intestinal epithelhia

tntestinal epithelial cells; goblet cells; PLA2G2A: ulcerntive colitis

THE INTESTINAL EPITHELIA are composed of four lineages of
intestinal epathelial cells (IECs) that arise from intestinal stem
cells (1), Recent studies have shown that various signals such
as Wnt, Sonic hedgehog. and bone morphogenetic protein
interact within the stem and progenitor cells of the intestinal
epithelia to finely regulate the expansion and the cell fate
decision of 1ECs, Other studies have revealed that Noich
signaling may also play critical roles in the maintenance of the
intestinal epithelia (20).

Notch signaling is a signaling pathway known to regulate
differentiation and proliteration of cells in diverse adult ussues
(1), Activation of Notch receptor is mediated by the cleavage
of its intracellular domain (NICD), and this mtracellular do-
main translocates from the cell membrane o the nucleus,
thereby functioning as a transcriptional activator ol target
genes such as Hesl (100 25). The functional role of Notch
signaling in the intestine was first described in g study of
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Hes l-null mice: depletion of Hes| was associated with sigmi-
cant increases in the secretory lineage TECs (9). Other studies
have shown that the activaton of Notch promoted proliferation
of crypt progenitor cells and directed their cell fates toward
absorptive but not secretory lineage cells (6. 28, 33). A recent
study suggested that Notch might also function in postmitotic
IECs. directing their cell fates toward secretory lineage cells
{42). Thus these studies have suggested that Notch signaling
functions in the intestine 1o regulate differentiation and prolif-
eration of [ECs, contributing to the mainienance and the ho-
meostasis of the intestinal mucosa. However, the role of Notch
signaling in tissue regeneration is less understood.

Damage of the intestinal epithelia is observed in a wide
variety of diseases, such as acute intestinal inlections, radiation
injuries, or idiopathic inflammatory bowel diseases (23), Once
the epithelial layer is damaged. it responds by restoring the
continuity and integrated structure via activating the stepwise
regeneration program (16). The imtial response is called resti-
tution, which is the redistribution of remmning TECs to rapidly
cover the damaged area. This imital step s usually completed
i an extremely short period of time and thus does not require
the proliferation or expansion of [ECs (19). However, in the
next step. the rapid expansion of 1ECs 15 necessary to rebuild
the proper structure of the epithelia. This response is mani-
fested by the appearance of the regenerative epithelia in the
intestine, showing a marked expansion of the proliferating
compartment consisting of undifferentiated 1ECs. However,
the exact molecular mechanisms involved in this eritical step of
itestinal epithelial regeneration has never been described.

Another change that is observed in the intestine during
such a regenerative process is the ectopic expression of
antimicrobial peptides by IECs. Paneth cells usually secrete
peptides such as lysozymes, a-defensins, or PLA2G2A, and
this helps to maintain the ideal environment for the stem and
progenitor 1ECs within the small intestinal crypts. The
cctopic expressions of these antimicrobial peptides by 1ECs
are frequently observed in the inflamed colonic mucosa (5.
#). and such expressions likely support the local immune
system in providing an ideal environment for the regencra-
fion of the damaged mucosa.

In this study, we show that Notch signaling is activated in
many 1ECs in the inflamed mucosa of murine colitis, Results
show that the activation of Noich is critical for the proper
regeneration program in the epithehal layer and that it helps
1o suppress gobler cell differentiation and promote cell
proliferation. A comprehensive analysis identified a novel
group of genes regulated by Notch in 1ECs, which included
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a gene encoding an antimicrobial peptide called PLA2G2A
Such functions of Notch activation were present not only in
the mice intestine but also in the human intestine. Finally.
the clinical relevance of Notch-mediated regeneration is
analyzed in ulcerative colitis (UC). Thus Notch signaling is
a key-signaling pathway involved in intestinal tissue regen-
eration. in fine regulation of differentiation and prolifera-
tion, and in antimicrobial activities in 1IECs. Our findings
point o a novel molecular target for agents that could
prompitly regencrate the intestinal mucosa in 4 wide range of
intestinal diseases.

MATERIALS AND METHODS

Mice. CSTBL/6) mice st 8 wk of age were purchased from Japan
Clea. Mice were housed and ined in the 1 facility of
Tokyo Medical and Dental University, The institutional animal use
and care committee approved the study.

In vive experiments. Induction of colitis was performed as previ-
ously described (17). Briefly, mice were fed ad libitum with 1.75%
dextran sodium sulfate (DSS, Bio Research of Yokchama) for 5
consecutive days, followed by distilled water for another 3 days. For
inlibition of Notch activation, mice were orally admimistered with
cither 5% DMSO (vehicle, VEC) or LY41 1575 (LY) (10 mg/kg)
dissolved in 0.5% (wuvol) methyleellulose (WAKO), once daily for 5
consecutive days, Twenty-four mice were separated into four groups:
1) led distilled water for five days followed by daily administration of
vehicle alone (VEC, n = 6) for S days. 2) fed distilled water for § days
followed by daily administration of LY411.575 (LY, n = 6) for five
days, 3) fed 1,75% DSS for 5 days followed by daily administration
of vehicle (DSS + VEC, n = 6) for 5 days. and 4) fed 1.75% DSS for
5 days foll 1 by daily admi ation of LY411,575 (DSS + LY,
n = 6) for § days. The whole body weights of mice were measured
everyday. They were euthanized 12 h after the final administration.
Colonic tissues were subjected (o hematoxylin and eosin staining and
unalyzed by histological scoring following the criteria described
clsewhere (21), Flow cytometry of thymocytes and splenocytes were
performed as previously described (35, 41).

/i bl blots were perfe

1 analvsis. | 1 as described
¢lsewhere (18). The primary antibodies used were anti-Cleaved
Notchl (1: 1,000, Cell Signaling Technology), anti-Hes| (1:4.000. &
kind gift from Dr. T. Sudo), and anti-B-actn (1:5,000, Sigma).
Proteins were visualized either by the ECL Advance Western Blotting
Kit (GE Healthcare) or ECL Western Blotting Kit (GE Healthcare)
Cell culture. The cell cultures and transfections of plasmid DNA
were performed as described elsewhere (18). The inhibition of Notch
signaling was achieved by the addition of LY411,575 (1 pM),
synthesized according to Wu et al. (38). A cell hne expressing Notch |

Table 1. Primers used in the present study
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intracellular domain (Tet-On NICDI cells) under the comrol of
tetracycline or doxyeycline (DOX. 100 ng/ml. Clontech) was gener-
ated as described elsewhere (18), using LS174T cells as parent cells.
The cell lines were supplemented with Blasteidin (7.5 pg/ml. Invitro-
gen) and Zeocin (750 pe/ml, Invitrogen) for their muintenance.

RT-PCR assays. RT-PCR was performed as described elsewhere
{18). Quantiative analyses using the SYBR green master mix (Qia-
gen) was performed by ABI 7500 (Applied Biosystems). Primer
sequences for human B-actin, G3PDH. or MUC2 have been previ-
ously described (30). The primer sequences for other genes are
summarized i Table 1. The results are shown as the means of the data
collected from two rounds of assays, with each assay performed in
triplicate. The data were statistically analyzed with paired Swdent’s
1-1ests.

Human intestinal tixsue specimens, Human tissue specimens were
obtained from patients who underwent surgery for the treatment of
Crohn's disease, UC. or colon cancer at Yokohama Municipal Gen-
eral Hospital or Tokyo Medical and [dental University Hospital.
Written informed consent was obtained from each patient, and the
study was approved by the ethics committee of Yokohama Municipal
General Hospial and Tokyo Medical and Dental University.

Immunohistechemisiey. | shistochemisiry using | tis-
sues has been described elsewhere (12). The same antibodies used in
immunoblot analysis were also used for the immunohistological
stamning of NICD1 and Hesl. The other antibodies used were anti-
human Ki-67 (1:50, MIB-1, DAKO). anti-human PLA2G2A {1:200.
sc-14468, Santa Cruz Biotechnology), anti-human MUC2 (1:100,
Ceps8. Santa Cruz Biotechnology), and anti-mouse Ki-67 (1:50.
TEC-3, DAKO), Microwave treatment (500 W, 10 min) in 10 mM
citrate buffer was required for staining human tissues in Hesl, Ki-67,
and NICDI and for staining mice fissues in Ki-67. The tyramide
signal amplification (Molecular Probes) was used for immunofluores-
cent detection of NICD . Smining was visuahized by an avidin-hiotin-
peroxidase complex (ABC) elite kit (Vector) using diaminobenzidine
us o substrate or by secondary antibodies conjugated with Alexa-594
or Alexa<488 (Molecular Probes). The quantification of Hesl (Fig. 18).
Alcian blue, Ki-67. or NICDI (Fig. 88) was conducted by the
examination of nine randomly selected longitudinal sections of crypts
selected from at least three different individuals. The data were
statistically analyzed with paired Student’s 1-lests.

Microarray. Microarmy analysis was performed using the Acegene
human oligo chip 30K subset A (Hitchi software), Total RNA was
collected before and after 24 h of NICDI expression in LS174T cells
and labeled using the Amino Aryll Message Amp aRNA kit (Am-
hion). The complele dataset of the analysis has been submined 1o the
NCHI Gene Expression Omnibus (GEQ) and s accessible through
GEO accession number GSE10136,

Primner Sequence

Crene

Human Hesl
Human Noteh)
Human PLA2G2A
Mouse Hes|
Mouse MUC2
Muouse TNF-a
Mouse IFN-y
Mousell-la
Mouse IL-118
Mouse 11.-6
Muwse PLA2GIA
Mouse fi-acun

AARAGAT -3
ATAATCAGEA -3

LA A A LA A A A A LA L LA
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Plasmuds. Hes lp-Lue, contmmng six landem-repeats of the RBP-Jk
binding sie. was a kind gift from Dr. Kagevama (Kyoto, Japan).
PLA2-Luc was generated by cloning a 2778-bp sequence 5 of the
human PLA2G2A gene (corresponding 1o —2.758 10 + 20 of the
promoter region) mto a pGLI basic vector (Promega). MUC2-Luc
(401 was a kind gift from Dr. Yuasa (Tokyo, Japan). Tetracycline-
dependent expression of NICD1 was achieved by cloming the gene
encoding the intracellular portion of the mouse Notchl (amino acid
1.704-2,531) into the pcDNA4/TO/myc-his vector (Invitrogen). All
constructs were confirmed by DNA sequencing

Immunastaining of caltured cells. Staining of cultured cells has
been previously described (300, Detection of the MUC2 antibody was
carried oul either by the standard ABC method or by the Alexa
SH4-comugated secondary antibody (Molecular Probes). The guanti-
fication of cells positive fir MUC2 staining was performed by
examining six randomly selected fields (three fields cach n two
individual counts) under X400 magnification. The data were statisti-
cally analyzed with paired Student’s r-1ests,

ELISA. For PLA2G2A protein quantification, 1 107 cells were
cultured in 2 ml of medium with or without DOX and analyzed with
ihe human-PLA2 enzyme immunoassay kit (Cayman Chemicals), The
mcorporation of BrdU was examined by seeding cells at vanous cell
densities i the 96-well plote, supplemenied with DMSO  or
LY411,575. The Brdl! was added 8 h before the end of culture. and
the cells were subjected to analysis with the cell proliferation ELISA
kit (Roche Diagnostics). The results are shown as the means of data
collected by two rounds of assays, with each assay performed in
triphicate. The data were statistcally analyzed with paired Student’s
1-lests.

Reporter assays, The reporter assay was performed as previously
described (18). Each assay was performed i triphcate. and the results
were normalized using the Renilla luciferase activity. The results are
shown as the means of normalized arbitrary units, and the data were
statistically analyzed with pared Student’s (-tests.

Fig. | Activation of Notch signaling is mereased in
crypis of dextran sodm sulfate (DSSFinduced
colis. A: stological analysis of DSS-mduced co-
hitis showing a decrease in mucin- producing intes

tinal epithelial cells (IECs) and an increase in Hesl

and Ki-67-expressing [ECs within the crypts of the
colitic mucosa Blue staining with Alcian hlue rep-
resents mucin production, whereas brown staining
with diaminobenziding (DAB) shows positive stain

mg for Hesl or Ki-67 (ongmal magmification >-460)
B quanutative analysis of Hes|-posiuive 1ECs i
erypts of noomal or colitic mucosa. Data are shown
as number of Hesl-positive cells per crypt on the
basts of the analysis of immunohistochemical stain

ings, Error hars represent SD. *F <= 0.05 on the
Student’s r-test. H & E. hematoxylm and eosm

RESULTS

Hesl is expressed in crypt epithelial cells of DSS-colins,
Since previous studies have evaloated the contribution of
Notch signaling in the maintenance of mice intestinal epithe-
lium (28, 33, 34). we sought to examine the role of Notch
signaling in mice colitis. At first, we analyzed the expression of
Hesl. a direct target gene of Notch, in mice with colis
induced by the oral administration of DSS (DSS-colius, Fig.
1A). In the normal colon, crypts are predominantly composed
of mature goblet cells that produce mucin, In such crypts, Hes|
is expressed in 1ECs residing v the lowest part of the erypu
which is also where Ki-67-positive [ECs are found. In sharp
contrast, the clear loss of mucin production was observed in the
nflamed mucosa of DSS-colitis mice. The expressions of both
Hesl and Ki-67 were observed in a larger population of 1ECs,
which were distributed from the bottom to the most upper
regions of the crypt, suggesting that Notch signaling was
activated in these IECs. The quantitative analysis of the im-
munostaining revealed significant increases in Hesl-positive
1ECs within the crypts of the DSS-colitis mice (Fig, |B). These
findings suggested that Notch signaling is activated in a greater
number of IECs in DSS-colitis, which might be closely related
with the greater number of proliferating 1ECs and the loss of
mucin-producing 1ECs,

LY411,575 mhibits Notch activation and promotes gobler
cell differentiation in mice intestine. To further examine the
role of Notch signaling in colitis, we used LY411.575, a
y-secretase inhibitor (GS1) that is known to block Notch
activation in vivo (14, 27, 36). Oral admimistration of LY 411,575
for 5 consecutive days significantly reduced the expression of

AJP-Gutrointest Liver Physiol « Vil 29 « IANUARY 2000 « www.ajpgi org
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Hes! mRNA in mice intestine, suggesting that Notch activa-

tion was inhibited (Fig. 24). In contrast. the expression of

MLUIC2 mRNA was significantly increased by LY411.575,
suggesting that the number of goblet cells increased. Consis-

NOTCH IN EPITHELIAL REGENERATION
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tent with this. histological analysis showed marked increases in
mucus-producing 1ECs in the intestines of the LY411,575-
treated mice (Fig. 20). Consistent with reports from previous
studies (27, 36). these results showed that LY411.575 could
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simultancously inhibit Notch activation and promote differen-
tiation to goblet cells in the mice intestine.

We also found marked atrophy of the thymus in LY411,575-
treated mice (Supplemental Fig. S1A). Supplemental data for
this article are available on the American Journal of Phyvsiology
Gastrointestinal and Liver Physiology website, Further analy-
sis of the thymus revealed that the total number of thymocytes
was significantly reduced (Supplemental Fig. S18) und that the
tissue architecture was disrupied (Supplemental Fig. S10)
Analysis of CD4/CDS8 expression revealed a significant pro-
portional reduction in double-positive cells (Supplemental Fig.
S1D) and a reduction in the absolute number of cells (Supple-

mental Fig. S1E), suggesting that there was a significant loss of

immiture cells in the thymus with LY411.575 treatment. How-
ever. such an effect of LY411.575 was not present in the spleen
(Supplemental Fig. S1. A-E). These hndings clearly showed
that the LY411,575 weatment had a systemic effect, affecting
the thymus in addition to the intestine,

LY411,575 exacerbates DSS-colitis by impairing epithelial
regeneration. Using the methods described, we designed an
experiment o examine the effect of Notch inhibition during
colitis (Fig. 28). Mice were separated into four groups: vehicle
alone (VEC), LY411.575 alone (LY), DSS with vehicle
(DSS + VEC), and DSS with LY411.575 (DSS + LY). As of
dav 5, the 1otal body weights showed significant reductions
from day 0 in DSS-treated mice (Fig. 28) compared with the
weights of those without DSS (the day when DSS treatment
was started is designated as day 0). However, the DSS + LY
mice showed even greater reductions in weight as of day &
their reductions in body weight were significantly greater than
the weight reductions in DSS + VEC mice (Fig, 28), This
severe loss of body weight observed in DSS + LY mice was
also fatal because two mice in this group were dead at the time
of cuthanasia (fatality rate = 2/6, 33.3%). No deaths were
observed in any other experimental group. These resulis sug-
gested that LY41 1,575 signilicantly exacerbates the climeal
course of DSS-colitis. A histological analysis of LY or DSS +
LY mice showed a marked increase in goblet cells in the small
intestine. confirming the effect of LY411.575 treatment (Fig.
2C). The increase in goblel cells was also observed in the colon
of LY mice. A histological analysis of DSS + VEC mice
showed a clear induction of colitis. as shown by the marked
increase in inflammatory cells and the elongation of goblet cell
depleted crypis. However, i sharp contrast, DSS + LY mice
showed a severe loss of the epithelial layer in addition to an
infiltration of inflammatory cells, which appeared 1o lack signs
of epithelial regeneranon (Fig. 2C). A histological scoring of
the colonic tissues revealed increased ulcer formation and
epithelial jury in DSS + LY mice compared with DSS +

VEC mice, whereas no sigmificant changes were observed in
the degree of inflammation (Fig. 21). Consistent with this. the
mMRNA expression of promnflammatory cytokines was ingreased
in the colon of DSS-treated mice. but no clear differences were
observed between DSS + VEC and DSS + LY mice (Supple-
mental Fig. S2).

For further analysis, we examined the expression of Hesl
and Ki-67 in the inflamed region of the colonie tissues, An
increase in Hesl- or Ki-67-positive 1ECs was confirmed in
DSS + VEC mice (Fig. 2E). However. both Hes| and Ki-67
expression appeared (0 be markedly lost i the colonic crypts
upon LY411.575 wreatment (Fig. 2E). These results indicated
that LY411.575 inhibits Notch activation and promotes goblet
cell differentiation but also strongly inhibits proliferation of
IECS, leading to a poor regenerative response and a severe
exacerbation of DSS-colis.

LY411,575 promotes gobler cell differentiation but inhibits
proliferation of IECy in virro, Previous in vivo results sug-
gested that Notch activation might play critical roles in both the
differentiation and proliferation of IECs. We further examined
the in vitro effect of LY 411,575 upon human colonie epithelial
cell hnes LS174T and HT29. As shown by the immunoblot
analysis, the endogenous expression of both NICD1 and Hes|
was completely inhibited within LS174T cells by LY411.575
treatment (Fig. 3A). Consistent with this, RT-PCR analysis
showed a marked decrease in Hesl mRNA expression with
LY411,575, which was maintained for up to 72 h (Fig. 38)
These data confirmed that LY 411,575 could directly inhibit the
activation of Notch within IECs.

Under this condition, we examined whether LY411.575
could promote goblet cell differentiation m vitro, Quantitative
RT-PCR analysis showed a significant increase in MUC2
mRNA expression with LY41 1575 treatment in both LS174T
and HT29 cells (Fig. 3C). Consistent with this. @ marked
mnduction of MUC2 protein expression was observed in hoth of
the cell lines that were treated with LY411,575 (Fig. 3D, red
signal), resulting in a significant increase in the MUC2-positive
cell population (Fig. 3E). The Alcian blue staining also showed
a marked increase in mucin-producing cells in both cell lines
with LY411,575 (Fig. 3F, bluck arrow). However, LY411,575
appeared 1o inhibit the proliferation of both cell lines since the
incorporation of Brdl! was significantly downregulated by
LY411.575 (Fig. 3G). These results collectively showed that
LY411.375 could directly inhibit Noich acuvation m 1ECs,
which might subsequently promote goblet cell differentiation
but also inhibit cell proliferation.

Activation of Notchl suppresses goblet cell phenotvpe, bur
upregulates PLA2G2A secretion i human TECs. To further
analyze the function of Notch actvation in 1ECs, we gen-

Fig. 2. Inhinon of Notch activaton by 1LY411.575 exacerbates 1SS-colitis by impanng epithebal regeneranon. A1 1L.Y411.575 suppresses Hes | expression bl also

s MUIC2 exy n mice After oral ad

of LY411.575 or vehacle alone for 5 consecutive days, the smaldl intestinal tissues of mice were

\uhm:h.'d 0 qu.nmmlur RT-PCR analysis. Results from 3 mmce in each group. Emor ban represent SD. *F < 0.05 on the Student's rrest. B LY411.575 significamly
exwerbated wasting disease caused by DSS. As described in sa sy asn sensons, muce were separated into 4 groups, and the body weight of each mouse was
mionitored throughout the expenimental penod. Eror bars represent S0, *F < 008 for the difference between mice that were DSS teged (DSS + VEC and DSS +
LY ornot treated (VEC and 1Y) **F <= (.05 for the difference between DSS 4 VEC and DSS + LY muce on the Student's rtest. C 1L.Y411.575 exacerbated epithelial
ingury of DSS-colitis, Intestinal issues of mice shown in & were subjected 1o histologacal analysis. Blue stammg with Aloun blue represents mucin production (ongmnal
magnification <400). D: LY411.575 had no significant effect on inflammation of DSS-colitis. Histological sconng of colonic tissues obtained from cach mice group
is shown. Ermor bars represent SD. *P < 0,05 on the Student s r-tes1. £ LY411575 mhibated probif of 1TECs vig dow il of Notch activity, Colonic tissues
of mice were subjected 1o h hermical g for Hesl and Ki-67. A less inflamed region was chosen for mulvm of DS§ + LY mice because the most
mfamed region showed complete Toss of the epthelial Iu\'u MNote that IECs expressing Hes | or Ki-67 were confined within a narrow region of (he colome ervpl m nnce
treated with LY411.575 (LY and DSS + LY)
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erated a subline of LS174T cells (Tet-On NICD1 cells), in
which forced expression of NICDI could be induced n a
tetracycline- or DOX-dependent manner. lmmunoblot anal-
ysis of Ter-On NICDI cells showed a clear induction ol
NICD! and a subsequent increase in Hesl, with DOX
addition (Fig. 44). Consistent with this, the reporter activity

NOTCOH IN EPITHELIAL REGENERATION

ol Heslp-Luc was significantly upregulated with the induc-
tion of NICDI in Tet-On NICDI cells, indicating that there
wits an upregulation of the transcriptional activity of the
Hes| gene (Fig. 48). These results confirmed that Tet-On
NICD1 cells could express the functional NICD1 protein
with DOX addition,
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with the NICDI expression (Fig. 5A). Consistent with this,
although the MUC2 protein expression was markedly sup-
pressed (Fig. 38), with resulting significant decreases in
MUC2-positive cells (Fig. 5C) and mucin-producing cells (Fig.
5D). the PLA2G2A secretion was upregulated with NICDI1
expression (Fig. SE). These changes appeared 1o be regulated
al the tramseniptional level since the reporter activities of
MUC2-Luc and PLA2-Luc showed a significant decrease and
nerease. respectively. with NICD 1 expression (Fig, 5F). These
results showed that, although the activation of Notchl within
LS174T cells suppressed goblet cell phenotype. it also upregu-

A Control__NICD1

Dox Dox Dox Dox
< (¢ ) 4

NICD1 | === =~ ;

Hest| == —

B -Actin| G

£16 wDox(-) F' lated the secretion of PLA2G2A, suggesung that the activation

=14 IDOXi+) of Notchl might surprisingly promote the acquisition of the
E 12 specific functions of Paneth cells,

2 Notchl s aetivated in crypt epithelial cells of the human

10 intestine. Since we found that Notch signaling might regulate

8 cell proliferation, goblet cell differentiation, and Paneth cell-

6 specific function within 1ECs, we sought to clarify its relevance

in human intestinal diseases. We first examined whether com-

4 ponents of the Notch signaling pathway are expressed i the

§ 2 human intestine. An RT-PCR analysis of human intestinal

g0 T tissues or epithelial cell lines successfully detected mRNAs of

Control Heslp Control Heslp both Notchl and Hesl (Fig. 64). The immunohistochemistry

-Luc -Luc -Luc -Luc
Control NICD1

Frg. 4 Activation of Notch! upregulates Hesl expression i human [ECs
A establishment of g subline of LS174T cells expressing NICD! under contrial
of & tetracyclme-dependent promoter (Tet-On NICDT cells, designated as
NICDI). Inmunoblot analysis of Tet-0On NICD1 cells showed a clear upregu-
lation of bith NICDT and Hes1 expression with doxyeychne (DOX) addinon,
whereas paremal cells idesignaed as Control) remam unchoanged. A low
sensitivity substrate (FCL) was used for visualization. B! tramseriptional
activity of Hesl was upregulited with the expression of NICDI. Transcrip-
tonal activities of Hesl gene in Tet:On NICDI cells or control cells were
analyzed by luciferase reponter assays using Hesip-Lue. A reponer plasmid
containing only the core-promoter of chicken f-actin gene served as a conrol
(Control-Luct, Luciferase activities were measured after 12 b of culture with
or without DOX. Eror bars represent SD. “P < 0.05 on the Student”s ftest.

for NICD1 and Hes| revealed that these proleins are expressed
in the nuclei of erypt IECs (Fig. 68). Similar to our observa-
tions in mice. the distribution of NICDI-positive or Hesl-
positive IECs corresponded to that of Ki-67-positive IECs (Fig.
65). Also, a magnified view of the staining showed a posiuve
staning of NICD! in columnar-shaped IECs and Paneth cells
(Fig. 68. black arrow) but not in goblet-shaped 1ECs (Fig, 68.
red arrowhead). Double staiming of MUC2 and NICD1 con-
firmed the lack of NICD1 expression in goblet cells (Fig. 7A).
whereas double staining of PLA2G2A and NICD| confirmed
expression of NICDI in Paneth cells (Fig. 7B). These resulis
strongly suggested that the NICDI might function in vivo in
the human intestine in a similar manner as was revealed in the
in vitro study.

Increased activation of Notchl is observed in the mucosa of
UC. UC s one of the major forms of inflammatory bowel
discases, characterized by the persistent inflammation and

Using this cell line. we found that the upregulation of
NICDI expression in LS174T cells significantly downregu-
lated MUC2 mRNA expression (Fig. 5SA). Further analysis with

a microarray identified a group of genes that were up- or
downregulated with NICD| expression (Supplemental Tables
1 and 2). Among these genes, we focused on PLA2G2A, a
gene expressed by Paneth cells, as it showed the most signif-
icant induction with NICD| expression. Quantitative RT-PCR
confirmed an upregulation of PLA2G2ZA mRNA expression

ulcer formation in the colon. In the active region of UC, a loss
of goblet cells, an ectopic expression of Paneth cell genes, and
an increase in [EC proliferation are all known to be common
pathological findings (7. 8. 13, 23). Thus our resulis strongly
suggested that all of these pathological findings in UC might be
mediated by the activation of Notchl in IECs. We performed

Fig 3. Inhibition of Nowh activation promotes differentiation of gobler cells but suppresses proliferation of human [ECs. A LY411,575 downregulated
expression of Nowchl mracellular domam (NICDE) and Hesl m LS174T cells. lmmunoblor analysis of L5174T cells treated with LY411.575 showing
downregulation of endogenous NICDI and Hes] expression within 6 h from treatment. Cells treated with DMSO alone served as control, A high-sensitivity
substrate (ECL Advance) was used for visualization. B LY411.575% upregulated expression of MUC2 in LS174T cells, LS174T cells were subjected to
semiquantitative RT-PCR analysis after treatment with either LY411.575 or DMSO. Note that expression of Hesl was markedly decreased, whereds expression
of MUC2 was increased after 72 b of treatment with LY 411,575 € LYA11,5758 significantly increased expression of MUC2 mRNA in both LSE74T and HT29
cells. Cells were subjected 1o quantitative RT-PCR analysis after 0, 24, 48, and 72 b of weammen with either 1LY411,575 or DMSO. Error bars represent 81
P < (3,05 for the difference between DMSO and 1.Y411.575 weatment at the same time pomts on the Student’s rtest. £ LY411.575 induced expression of
MUC2 protem (red) i LST74T and HT29 cells. Cells were subjected to immunofluorescent staining of MUC2 after 72 h of treatment with either LY411.575
or DMS0) (ongmal magnification =% 200), E- LY41 1,575 significantly increased the MUC2-positive cell populations among LS 1747 and HT29 cells. Quantitative
analysis of 1 is shown by percent of MUC2-positive cells within total nucleated cells. Error bars represent 5D, *F' < 0.05, on the Student’s -test. F: LY411,578
induced mucin production in LS174T and HT29 cells. Cells were subjected 1o Alcian blue stummg (black arrow) after 72 b of eatment with either L.Y411.575
or DMSO (ongmal magmfication X400). G2 LY411.575 sigmificantly downregulated proliferation of LS1747 and HT2Y cells. A significant decrease in BrdlU
incorporation was observed with LY411,575 treatment in LS174T and HT29 cells. Incorporation of Brdll was measured by ELISA. Resulte are shown as arbitrary
units of relanve Brdl! incorporation, Error hars represent SD, *P < 0,05 on the Student’s #-test

AIP-Gastrointest Liver PIoastol « VOU 296+ IANUARY 2000 « WWWw aipgt.ong

s00Z ‘g2 Auenuer uo Bio AfiojoisAyd ifidie woy papeojumog




G30

2
E

i

NOTCH IN EPTTHELIAL REGENERATION

06

0.0

NICD1

_] [ Contral | | NICD1 | I_ Alcian Blue
70 70 . Dox(-) Dox(+
$e0 go| T
é:g ﬁ Control
30 30
§ 20 20
S10 10
# 9 0 ma . NICD1
Dox(-) Dox(+)  Dox{-) Dox(+)
F
[ wico |
3000 pox() 3000 ——poxt) 4 ¥ 16 BDox(-) i 40, *
= = M [ODox(-) ™
i - —— 0X{+) EZSOU == Dox(+) : 14 B Dox(+) 35i B Dox(+)
ey 12 30}
g = ﬁm’ 510 25
6 15}
1000 1000 I % 4 1 0{
17T 32 5
500 500 / T o L o
0 : TR Control MUC2  Control PLA2
Oh 12h 24h 48h Oh 12h 24h 4Bh -Lue Lue -Luc -Luec

Fig 5. Acuvabon of Nowh! supy goblet cell diff wi but prowmotes expression of PLA2G2A of human 1ECs. A expression of NICDT in LS174T cells
downregulated the expression of MUC2 but upregulated the expression of PLA2G2A. Quantitative RT-PCR analysis of MUCT and PLA2G2A expression in Tet-On
NICD cells and control cells is shown, Cells were subjecied 1o analysis after 48 h of culture with or without DOX. Error bars represent SD. *P < 0,05 on the Student’s
rest, B expression of NICDL in LS174T cells downregulated MUC2 protein expression. Tet-On NICDI cells or control cells were subjected to immunostaning of
MUC2 after 48 h of culture with or without DOX. Brown staiming with DAB showed positive staming Tor MUCZ (onginal magmiicaion % 200). C: expression of NICD1
n LS174T cells sigmficantly reduced the number of cells expressing MUC2. Quantitative analysts of immunostaining shown in B is shown, Number of cells positively
staned for MUC2 was counted and shown as percent of total nucleated cells. Error bars represent SO, *FP < 0.05 on the Student’s -test, [0 expression of NICD]
suppressed mucin production by 151747 cells. Tet-On NICD cells or control cells were treated as described in 8 and subjected 10 Alcian blue staining. The blue staimng
repretents mucin-producing cells. (black amow, onginal magnification x 800). E- expression of NICIH upregulated PLA2G2A secretion of LS174T cells. Tet-On NICDH
cells or control cells were cultured with or without DOX. and culture supematants collected @t vanious e points were subjected 1o quantification of PLAZG2A uang
ELISA. Ermor bars represent SD. *P < 0,08 compared between DOX (+ ) and DOX (-) on the Student’s rtest. F- expression of NICDT in LS174T cells downregulated
tramseripoonal acvity of MUC? gene but upregulated transcnptional activity of PLA2G2A gene. Transcnptional activity of MUCZ gene and PLA2G2ZA gene were
memsured by luciferase reporer ssays using MUC2-Luc and PLA2-Loc as a reporter plasmid. respectively, plGlL3-hasic served as a8 control (Control-Luc). Luciferase
activities in Tet-On NICDI cells were analyzed after 12 b of culture with or without DOX. Error hars represent SD. *P < 0,05 on the Student’s f-test

(Fig. 84, bottom, brown). In such crypts, NICD1-expressing
cells showed the same distnbution as Ki-67-expressing cells
(Fig. 84, middle, brown), suggesting that Notch | is activated in
an expanded proliferating cell population within the crypts of

histological analysis and found that in the crypts of UC, muen
production 1s markedly decreased (Fig. 8A. rop. blue). whereas
the number of Ki-67-expressing cells are markedly increased,
distributing from the bottom 1o the uppermost part of the crypt
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A Human
Tissue
Extract

Cultured Cell Lines
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Small
Intestine

Fig . Notch signaling is activated in crypt epithelinl cells of the human intestine. A: RT-PCR analysis of human intestinal tissues and human intestinal epithelial
cell lines. Expression of both Notehl and Hes| are clearly detected in all the examined tissues and cell lines. B immunostaming of human intestinal tissues
showing expression of NICD1, Hesl, and Ki-67. Brown staining with DAB showed positive results for NICD1, Hes, and Ki-67 (ongmal magnification < 200)
Magnified view of the squared area is shown in the nght side of the original picture (onginl magnificaton < 1000). Black arows show Paneth cells clearly
containing granules in the eytoplasm showing positive staining for NICD1, whereas red amowheads show goblet-shaped cells lacking NICDI staining

UC, A quantitative analysis revealed that the number of IECs
expressing NICD| or Ki-67 per crypt is signilicantly increased.
whereas the number of 1ECs producing mucin is significantly
decreased in the crypts of UC (Fig. 88).

We also looked for [ECs expressing PLA2G2A within the
colonic crypts, There was no expression of PLA2G2A in the
crypts of the normal colon (Fig. 94). However, an ectopic
expression of PLA2G2A was clearly found in the crypts of the
colon epithelia with UC (Fig. 98). Our histological analysis

revealed that Notchl is clearly activated in such IECs ectopi-
cally expressing PLA2G2A (Fig. 9, C and D). Such acuvation
of Notchl in PLA2G2A-expressing cells could also be found in
less influmed regions of UC where there were fewer PLA2G2A-
expressing IECs (Fig. 9. E and F).

From these results, we conlirmed that Notch] is activated i
a greater number of crypt 1ECs in UC, presumably mediating
gohlet cell depletion, cell proliferation. and ectopic expression
of PLA2G2A. We suggest that such Notchl-mediated changes
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Fig. 8 Increased activation of Notchl s ob
served in the crypts of patients with ulceranve
colitis {UC). A &

expression of mucin
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Ki-67 were observed m crypts of patients with
UC. Mucin expression was examined by Alcian
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observed in the mucosa of UC are not detrimental changes
contributing to the persistence of the disease, but rather they
are positive responses that help to regenerate the damaged
epithelia, thereby aggressively contributing to the termination
and recovery from the disease

DISCUSSION

To date, several studies using knockout mice have revealed
various functions of Notch signaling in [ECs; one cnlical
function 1s that of regulating the cell fates of 1ECs (31). The
recent model accepted in such studies implicates Notch ach-
vation as a positive regulator of absorptive cell differentiation

but a negative regulator of the dilferentiation of secretol

lineage cells. including goblet cells. However, studies have
suggested that Notch activation not only acts to determine the
cell fates of progenitor IECs. but it may also regulate the

number of proliferating populations within the crypt (6, 28

13). Our results are consistent with the previous obhservations,
and they further highlight the ¢ritical role of Notwh activation
in a situation when the rapid expansion of 1ECs is required
{e.g.. during the regeneration process in UC). Since the in vivo
phenotype of Notch inhibition showed not only the loss of
absorptive lineage cells but also the loss of the entire epithelial
laver. this suggested that the activation of Notch may contnb
ute 1o the expansion of both absorpuve and secretory precursor

cells and even stem cells. This is consistent with the ohserva
tion by Yooijs et al, (34) that TECs that matured into absorptive
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cells must have also expenienced Notch activation during
development from the stem cell. Thus our results demonstrated
the importance of Notch activation in the expansion of multi-
lineage precursor [ECs, whose function becomes critically
required when tissue damage is present. In contrast, although
Noteh activation was predominant in the proliferating IECs ol

the colitic mucosa, its role in postmitotic IECs might be of less
importance (42)

A e
Noteh activation using LY411,573
days) could impair the development of lymphoid cells (14, 36)
Thus it may be possible that such an effect of LY411,575
might have altered the local immune function of the DSS
treated mice and thereby exacerbated therr coliis. Indeed.
LY411.575 proved 1o have a systemic elfect, especially on the
development of thymocytes (Supplemental Fig. S1). However
no effect was observed on splenocytes (Supplemental Fig, S1)

y has shown that the chronic mhibition of
(for up 1o 15 consecutive

cent st

Also, no effect was observed on local production of promnflam
matory cytokines (Supplemental Fig, 52), Thus, although it s
possible that LY411.575 might have some effect on the in

an ol

Mummaltory response. 115 involvement on the exacerba
the present colitis model may be minimal

Also, GSI has been reported to promote the differentiation
and inhibit proliferation of mice intestinal adenoma through the
inhibition of Notch activation (33). Therefore, GS1s hiave been
reported o have an antitumor effect (32). However, our results
showed that the effects of GSIs may not be specific for umor
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cells. GSIs have almost the same effect on progenitor cells of
the normal and regenerating crypt, which becomes eritically
toxic once the epithelia have been damaged. Thus caution is
needed with the use of GSls when intestinal tissue damage is
present.

Although studies have revealed various extrinsic factors
promoting the regeneration of the intestinal epithelia (2, 3), the
intracellular mechamsm mediating the regenerative process has
not been fully elucidated (15). Our data show that Nowh
activation maintains the larger number of 1ECs in the immature
state, thereby promoting the proliferation and supporting the
rapid recovery of 1ECs needed to restore proper epithelial
structure. Thus we identified Notch signaling as one of the
main intracellular pathways mediating the organized regener-
ative response of the intestinal epithelia. Although we know
that several ligands and receptors of the Notch pathway are
expressed in the intestine (24, 26). we do not know the precise
mechanism by which these ligands activate Notch receptors. in
particular 1ECs. A recent study by Riccio et al. (22) clearly
showed that both Notchl and Notch2 function redundantly in
the intestinal epithelia and that they directly regulate the cell
eyele progression of crypt progenitor cells. Thus an analysis of
the Notch ligand expression is needed to understand the mech-
anism by which these Notch receptors could be activated
during epithelial regeneration and the mechanism by which
such activation could be downregulated at the later stage of
regeneration.

One of our surprising findings was the upregulation of
PLA2G2A in Notch-activated 1ECs, suggesting that Notch
might also modulate immune functions of [ECs. PLAZG2A is
usually expressed in Pancth cells. and it is known to have an
antimicrobial effect (4), The loss of the continuity of the
epithelial layer allows various and abundant microorganisms to
invade the submucosal area, thereby promoting inflammation
and further destruction of the mucosa. Thus the local secretion
of PLA2G2A at the damaged mucosal area may be quite
beneficial for limiting bacterial invasion and providing a proper
environment for regeneration. However, previous reports have
shown that PLA2G2A is also expressed by neutrophils and
macrophages accumulating at the inflamed mucosa of colitis
(29, 39). Consistent with this, we observed an infiltration of
PLA2G2A-positive cells in the lamina propria of inflamed
mucosa in UC (Fig. 9, C-F). An RT-PCR analysis of DSS-
colitis showed a significant upregulation of PLA2G2A expres-
sion in the inflamed colonic mucosa (Supplemental Fig. 83).
However. such an upregulation was not inhibited with LY 411,575
treatment. suggesting that the expression of PLA2G2ZA by neu-
trophils or macrophages might be less dependent on Notch acti-
vation. In those cells, intracellular pathways such as NF-xB might
function to promote expression of PLA2G2A in the inflamed
colonic mucosa (37). Also. our histological analysis suggested
that the upregulation of PLA2G2A secretion was not a general
but a partial response in Notch-activated 1ECs. indicating that
an addinonal condition 1s required for ectopic expression of
PLA2G2A.

Our microarray analysis also revealed a number of genes
other than PLA2G2A that are regulated by NICDI in 1ECs.
Although the results did not show an upregulation of other
genes specific to Paneth cells such as lysozyme or a-defensins,
our quantitative RT-PCR confirmed that genes such as clus-
terin or spermidine/spermine N l-acetyltransferase were also

FTH20EE B cFngan V. BERROTTY RIS
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upregulated upon Notchl activation in LS174T cells (data not
shown). Trefoil factor-1 may also promote Notch-mediated
tissue regeneration because it is known to be a key factor in
restitution (11} The group of genes shown in the present
analysis was guite distinct from the previous microarray anal-
ysis comparing GSI-treated and untreated intestinal tissues (14,
27). Because we used an in vitro IEC-based assay, the group of
genes identified can be recognized as candidates of the 1EC-
specific targel genes of Notch. However. because only a
limited number of genes were analyzed (up 1o 10,000 anno-
tated genes) in the present study, a lurther analysis including a
larger group of genes may clucidate additional genes that are
regulated downstream of Notch,

In conclusion. Notch signaling acts as an indispensable
intracellular signaling pathway in IECs, especially during tis-
sue regeneration. It regulates not only the differentiation. but
also the proliferation of IECs, and it also regulates the immune
function of IECs. We have shown for the first time that such
functions of Notch are also present in the human intestine. both
under normal conditions and when tissue damage has occurred.
The present study provides a novel molecular basis for the
advanced understanding of the regeneration process in the
human intestinal epithelia. which may be utilized 1o establish
alternative therapies for refractory uleers caused by various
intestinal diseases,
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MyD88-Dependent Pathway in T Cells Directly Modulates the
Expansion of Colitogenic CD4" T Cells in Chronic Colitis'

Takayuki Tomita,* Takanori Kanai,>* Toshimitsu Fujii,* Yasuhiro Nemoto,*
Ryuichi Okamoto,* Kiichiro Tsuchiya,* Teruji Totsuka,* Naoya Sakamoto,* Shizuo Akira,’
and Mamoru Watanabe*

TLRs that mediate the recognition of pathogen-associsted molecular patterns are widely expressed on/in cells of the innate
immune system. However, recent findings demonstrate that certain TLRs are also expressed in conventional TCRaf" T cells that
are critically involved in the acquired immune system, suggesting that TLR ligands can directly modulate T cell function in
addition 1o various innate immune cells. In this study, we report that in a murine model of chronie colitis induced in RAG-27"
mice by adoptive transfer of CD4* CD4SRB™" T cells, both CD4* CD4SRB"*" donor cells and the expanding colitogenic lamina
propria CD4* CD44"™ memory cells expresses a wide variety of TLRs along with MyD8S, a key adaptor molecule required for
signal transduction through TLRs. Although RAG-27'" mice transferred with MyD88 ™"~ CD4 *CD4SRB™ cells developed co-
litis, the severity was reduced with the delayed kinetics of clinical course, and the expansion of colitogenic CD4™ T cells was
significantly impaired as compared with control mice transferred with MyD88*/* CD4* CD4SRB"*" cells. When RAG-27"" mice
were transferred with the same number of MyDS8* " (Ly5.1" ) and MyD88 ~/~ (Ly5.2%) CD4 T CD4SRB"*" cells, MyD88~'~CD4™
T cells showed significantly lower proliferative responses assessed by in vivo CFSE division assay, and also lower expression of
antinpoptotic Bel-2/Bel-x, molecules and less production of IFN-y and 1L-17, compared with the paired MyD8§*'*CD4" T cells,
Collectively, the MyD88-dependent pathway that controls TLR signaling in T cells may directly promote the proliferation and

survival of colitogenic CD4* T cells to sustain chronic colitis.  The Journal of Immunology, 2008, 180: 5291-5299.

tissue damaging by chronic inflammatory responses in the
gul wall, and commonly take persistent courses (1. 21 Ac-
cording 1o the present understanding. the diseases are caused by
infiltrated colitogenic effector/memory CD4” T cells within the
inflamed mucosa, which are presumably primed by commensal
Ag-loading dendritic cells (DCs) in lymphoid tissues (3), How-
ever, the nature of colitogenic CD4" T cells over ume during
chronic colitis under the persistent presence of commensal bactena
remains largely unknown,
Importantly. it is well-known that experimental colitis does not
develop when mice are kept in a germiree condition (4-6), sug-
gesting that intestinal microflora are essential w inittate and main-

I nilammatory bowel diseases (IBD)" are caused by excessive
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tain cologenic CD4 " T cells by stimuli through 1) TCR signaling
by one or more commensal Ags (signal 1) and 2) TLR signaling by
pathogen-associated molecular patterns (PAMPs) in addition (o
cytokines (signal 3) and costimulatory signaling (signal 2) (7, 8),
However, there are no reports showmg that TLR signaling directly
stimulates colitogenic CDA™ T cells for their proliferation and/or
survival

1t 15 widely recogmized that TLRs are expressed infon the innate
immune cells (9, 10), such as macrophages, DCs, and epithelial
cells, and are crucially important primarily to activate these pro-
fessional and nonprofessional APCs and secondarily promote T
cell responses (11). However, accumulating evidence has shown
that certain TLRs are also expressed on/in TCRaf ™ T cells that
are major acquired immune cell populations (12), suggesting that
TLR signaling may possibly have some direct function on adaptive
immunmity, Hence, 1o assess the direct role of TLR signaling inu-
ated hy PAMPs of commensal bacteria in modulation of colito-
genic CD4 " T eell expansion during the development and the per-
sistence of chrome colins, we performed a sernies ol adoptive
transfer colitis experiments by transfer of CD4 " CD4SRBY T
cells that are deficient for MyDAE, a key adaptor molecule of TLR
signaling (13, 14). into RAG-2 " recipient mice whose TLR
pathways remained intact throughout the innate immune system.

Materials and Methods

Animals

Six- o 10-wh-old LyS.2-background (Ly5.27) MyDER " mice (13) were
used LyS.27 CSTBLJ6 mice were purchased from Japan Clea. LyS 1-back-
ground CSTRL/G mice and Ly5.2" CSTBL/G RAG-27"" mice were oh-
twned from Tacome Farms and Ceniral Laboratories for Experimental
Animals (Kawasaki, Japan), Mice were maintained under specific patho-
gen-free conditions in the Animal Care Facility of Tokyo Medical and
Dental University (Tokyo. Japan). All expenments were approved hy the
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FIGURE L RAG-2" mice transferred
with MyD88 '~ CD4 " CD4SRB™™ T cells
develop milder colitis, A, RAG-2""" mice

were transferred with splemic MyDS88™'” (LyS.1) RAGH
(WT) in = 6) or MyDS8S in = h)

CD4"CD4SRBM® T cells (3 % 10" cells/ mrmr—’&
mouse). B, Change in body weight over ime RAG™

s expressed as percent of the ompginal
weight. Data are represented as the mean =
SEM of six mice in cach group. *, p < (0,05,
€, Clinical scores were determined a1 6 wk
after transfer as descnbed in Murerials and
Methods, Data are indicated a8 mean =
SEM of six mice in cach group. =, p < 0.01
13, Histological examination of the colon
from WT (lefil or MyDSK (right)
CD4TCD4SRB™™ T cells at 6 wk after
transfer. Onginal magnification, 10, E
Histological scoring of muce transferred
with WT or MyD8E ™" CD4 CD45SRB™" F
T cells at 6 wk after transfer. Data are in:
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characterization of LP CD4" T cells iso
lated from mice transferred with WT o

MyDS8 ' "CD4 *CD4SRB"™ T cells m 6
whk aflter transfer. G, LP, MLN, and SP
CDA" T cells were isolaled from mice
transferred  with WT  or MyDSR™'
CD4°CDMSRB™™ T cells at 6 wk after
transfer, and the aumber of CD4™ cells

4
2

was deterrmined by flow cytometry, Data
are indicated as mean = SEM of six mice

g mh i
=

in each group. =, p < 0L01. 4, Expression
of Bel-2 and Bel-x; mRNAs in SP cells
was derermined by quantitanve RT-PCR.
and are shown as relative amount of indi-
cated mRNA normalized by expression of
B-actin, Dawa are represented as the
mean = SEM of six samples, =, p < 0.05,
I. Cytokine production by LP CD4" T
cells. LP CD4° T cells were isolated at 6
wk afier transfer and stimulated with anti-

CDY and anti-CD28 mAbs for 48 h IFN-y (:I:;.Il m
and IL-17 concentrations i cullure super
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indicated as mean = SEM of six muce in

each group. +, p < 0.01. WT: healthy WT 400 1 =

mice, MyDS88 "7, healthy MyD8§ ' gSlﬂ ) == g 20

mice, WT CD4SRB™";, RAG-27"" mice * S =

transferred with WT CD4* CD4SRB"™™ T [ 200 T - ; 10

cells, MyDEE ' "CD4SRB™™, RAG-2"' T NS

mice transferred with MyDS88 " CDa”’

CDASRB™™ T cells 0 e My 0 o MyDRS -

wT

performed in vivo competition expeniments. The same number (2.0 % 10
cells'mouse) of colitogenic LP memory CD4° T cells obtained from coline
mice that were transferred with either MyD88 """ (Ly5.17) or MyDBS ™"
(Ly52" ) CD4* CD4SRB"*™ T cells from either MyD88" " mice (Ly5.17)
ofr MyDSS " muce (LyS.27 ) after 10 wk from transfer were coinjected i.p
ino new RAG-2"" mice (n = 6). and the mice were monitored for 6 wk
after the retransfer.

In experiments |4, all mice were assessed for a clinical score (18] that
1% the sum of four parameters listed as follows: hunching and wasting. 0 or
1) calon thickening, (-3 (0, no colon thickening; |, mild thickening; 2,
maoderate thickening, 3, extensive thickening); and stool consisiency, 0-3
(0, normal beaded stool; 1, soft stool, 2, diarrhea. 3, bloody stool) (18). To
monitor the clinical sign during the observed peniod over time. the ongoing
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discase activity index is defined as the sum (0-5 ponts) of the above-
mentioned parameters except the colon thickening.

Experiment 5. To assess the requirement of MyDBS-dependent signaling
for the lymphopenia-driven rapid proliferation (19) of colitogenic memory
CD4* T cells, we performed a short-term observation of in vivo compe-
tition experiments in combination with the CFSE-labeling method. The
same number (2.0 % 107 eells/mouse) of CFSE-labeled LP memory CD4”
T cells from colitic mice that were iniually ransferred with MyDE§ "
(Ly5.1")or MyD88 ™" (Ly5.2" ) CD4*CD4SRB"™ T cells a1 10 wk after
transfer were injected i.p. into new RAG-27"" muce in = 6). In expenment
5, mice were sacrificed 10 days after retransfer, and assessed for cell
divisions by CFSE dilution,
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FIGURE . V[ repertoire shows little difference between MyDES ™" o
MyDERE " donor cells, To analyze the TCR VB family repertoire, SP cells
were isolated from mice transferred with LyS 1 TMyDBE™ (WT) or
LyS.2 " MyDES " CD4 CD4SRA™M™™ T cells at 6 wk after transfer, and
then triple-stained with PerCP-conjugated an-CD3e mAb (145-2C11), PE-
comjugated anti-CD4 mAb (RM4-5), and a panel of 15 FITC-conjugated
VA mAbs. Each percentage value indicates the frequency of each VB
pooled from three independent experiments (n = 6) =, p = 005

Histological examination

Tissue samples were fixed by 10% neutral-buffered formalin, and paraftin-
embedded sections (5 pm) were stained with H&E. Three tissue samples
from the proximal, middie. and distal pans of the colon were prepared and
subjected for analysis. The secuons were analyzed without prior knowl-
edge of the 1ype of T cell reconstitution. The most affected area was graded
by the seventy of lesions. The degree of colomc inflaimmation was calou-
lated using a previous scoring system (20); mucosa damage, (1, normal, 12
310 intraepithelial cells (IELhigh power feld (HPF) and focal damage,
2, =10 IEL/HPF and rare crypt abscesses, 3; > 10 [EL/HPF, multiple crypt
abscesses and erosion/ulceration, submucosa damage. 0. normal or widely
scattered leukocytes, 1L focal aggregates of leukocytes. 2: diffuse leukocyte
infiltrauon with expansion of submucosa, 3. diffuse leukocyw infiltration,
musculans damage. (%, normal or widely scattered leukocytes. 1. widely
scattered leukocyte aggregates between muscle layers, 2; leukoeyw infil-
tration with focal effacement of the muscularis, 3, extensive leukocyte
infiltration with transmural effacement of the musculars

Cviokine ELISA

To measure eytokine producton, 1 % 10° LP CD4 ™ T cells were cultured
n 200 pl of culture medium at 37°C 10 a humidified atmosphere containing
§% CO,, using 96-well plates {Costar) which were precoated with § ug/ml
hamster anti-mouse CD3e mAb (145.2C1 1. BD Pharmingen) and hamster
2 pg/ml anti-mouse CD28 mAb (37.51; BD Pharmingen) in PBS overnight
al 4°C. Culiure supernatants were removed afier 48 h and assayed for
cytokine production. Cytokine concentrations were determined by specific
ELISA following the manufacturer’'s recommendation (R&D Systems).

Flow cytometry

To detect the surface expression of molecules, isolated splenocytes, MLN.
PH, BM, or LP mononuclear cells were premcubated with an FoyR-hlocking
mAb (CD16/32; 24G2; BD Pharmingen) for 15 min followed by ncuba-
ton with specific FITC-, PE-, PerCP-, allophycocyanin- ar biotin-labeled
Abs for 20 min on 1ce. The following mAbs except biotin-conjugated anti-
mouse IL-TRa (ATR34; eBioscience ) were obtwned from BD Pharnungen:
anu-CD3e mAb (145-2C11). ant-CD4 mAb (RM4-5), anu-CD45RB
mAb (16A), anti-CD6ZL iMEL-14), anui-CD44 mAb (IM7), anu-CD69
mAb (H1.2F3). Biotinylated Abs were detected with PE-streplavidin
Standard three- or four-color flow cytometric analysis was performed
by the FACSCalibur equipped with CellQuest soltware. Background
Auorescence was assessed by the staining of contral irrelevant isotype
To analyze the TCR VB family reperioire, splenic cells were triple-
stained with PerCP-conjugated anti-CD3e mAb (145C-11), PE-conju-
gated anb-CD4 mAb (RM4-5), and either of the following FITC-con-
jugated mAbs: VB2: KJ25, VB3; KT4, VB4 MR9-4, V5. 1/5.2. RR4-7,
VB6: TR3ID, VBT, MR5-2, VB8, 1/2: B21. 14, VBE. 3, MRI10-2, VY
B21.5, VBI0" RR3-15, VBI1: MRI11-1, VBIZ, INIZ.3, VAIT, 142,
VBI4: and KJ23, VAIT" All the Abs were purchased from BD
Pharmingen
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FIGURE 4. Expansive activity of MyDEE™" donor cells predominates
oveer that of MyDSE™" donor cells in an in vivo competition assay. A. The
same number (2.5 % 107 cells/mouse) of CD4"CDASRB"" T cells from
Ly5.0 " MyDEE"" (WT) mice and LyS 2* MyDER™" mice was conjecied
Lp. into RAG-2 mice (n = 6). 8. Six weeks after wansier, LP, SP,
MLN. PB. und BM CD4™ T cells were isolated. and the rano of Ly5.1°
and Ly5 2" CD47 cells was determined by flow cytometry. =, p < 001 C.
The frequencies of 1FN-y-producing LP CD4™ T cells per total LyS.1° or
Ly5.2" cells were analyzed in the indicated subpopulations by flow cy
tometry, Data are represented as mean = SEM of three independent ex-
periments. <, p < 0.01. D, Phenotypic charactenization of LP and SPCD4 7™
T cells after transfer of CD4 *CD4SRB"*" T cells, % CD69', Percentages
aof CD4"CO697 cells per total CD4" cells. Data are represented as
mean = SEM of six mice per group. =, p = 005

CFSE labeling of T cells

T cell division in vivo was assessed by flow cytometry of CESE-labeled
cells, Isolated LP CDA" T cells were stained in vitro with the cytoplasmic
dye CFSE (Molecular Probes) before reconstitution by incubation for 10
min @t 37°C with § uM CFSE. The labeling reaction was quenched hy
washing in we-cold RPMI 1640 supplemented with 10% FCS

Sratistical analysis
The results are expressed as mean = SEM. Groups of data were compared

by Mann-Whitney {7 test. Differences in data were considered 1o be sta-
nstically significant when p < 0,05

Results
TLRs are expressed in CD4° CDISRB"™" donor cells and
colitic LP CD4" cells

To assess the direct involvement of TLR signaling in regulating
cell function of CD4" T cells composing chronie colitis under the
presence of commensal bacteria, we examined whether mRNAs of
TLR1-9 and their adaptor molecule, MyD88, are expressed in do-
nor T cells or the LP CD4° T cells in coliic RAG-2 7 mice
transferred with CD4 ' CD4SRB™*" T cells. To do so, we isolated
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FIGURE 5. RAG-2 mice transferred  with
MyDES ™" CD4 " CD4SRB™™ T cells develop colitis
wilh the delayed kinetics, but reach to a simalar level of
mice transferred with MyDS8 ™" CD4 "CIMSRB™™ T
cells at 10 wk after ransfer. A, Change in body weight
is expressed as the percent of the original weight, Data
are represented as mean = SEM of five mice in each
group, = p < 005 WT, MyDEE™ " B, Ongoing dis-
ease achvily index was monitored duning the course
[ata are indicated as mean = SEM of five mice in each
group, +, p < 005, ¢, Hiswlogical examination of the
colon  from WT (upper) or MyDSS (fuwer)
CD " CD4SRB™™ T cells at 10 wk after transfer. Orig-
inal magnification, x100. D, Histological scoring of
mice transferred with WT or MyD8R ' CDd°
CD4SRB"™™ T cells at 10 wk afier transfer. Data are
indicated as the mean = SEM of five nuce i each
group. £, LP CD4" T cells were isolated from mice
transferred with WT or MyDES ' CD4 " CD4SREB™" T
cells at 10 wk after transfer, and the number of CD4”
cells was determined by flow cytometry. Data are inds- F
cated as mean = SEM of five mice i each group, F.

Phenotypie charactenzanon of LP CD4" T celis 150 g o
lated from muce transferred with WT or My[D88 ol
CD4° CDASRB™™ T cells w 10 wk after transfer. The % |
percentage of positive cells per total CD4° T cells 2 ‘“[
(CDOYT/ICDE™,  IL-TRa'/CD4",  CD4"Chaqhn 20
CDOAL/CDE " ) was deternuned waing flow cytometry o

CDatREe TS

each CD4" population under highly stringent gate definitions us-
ing FACSAria to avold contamination of cells, such as macro-
phages, DCs, and B cells. As shown by RT-PCR in Fig. 1, whole
splenocytes including T cells, B cells, macrophages, and DCs were
used as the positive control, and expressed all members of TLR1-9
and MyD88. Under this condition, CD4 “CDASRB"™" donor cells
expressed MyD88 and TLRs except TLR-4, 5, and 9 along with
MyD8E, while colitic LP CD47 T cells expressed all members of
TLRs and MyDSS, indicating that TLR signaling via MyDBE may
be directly involved in the pnming. activation, proliferation. and
survival of CD4" T cells in the present transfer model. The data
were further by completely no detection of PCR products from a
template prepared without the addition of reverse transcriptase,
excluding a possibility of signals derived from contaminating
genomic DNA rather than mRNA (data nol shown).

RAG-2""" mice transferred with MyDES ™~ CD4* CD4SRB""
T cells developed milder colitis

To explore whether the MyDRS-signaling pathway in T cells is
mvolved m the development of chromc colins, we transferred
MyD88 " or MyDS8 """ CD4 CD45SRB™" T cells into RAG-
277 (MyD88"'") recipient mice maintaiming an intact MyD88-
dependent pathway of the innate immune sysiem, meaning that
only the transferred CD4° T cells lack the MyDBR-dependent
pathway within the recyment mice (Fig. 24). When WT My D88 *"*
CD4 CD45SRB™™" cells were transferred into RAG-2""" mice,
the recipients rapidly developed severe wasting disease associated
with clinical signs of severe colitis. Particularly, weight loss (Fig.
2B), persistent diarrhea and also occasionally bloody stool or anal
prolapse was observed by wracking the clinical score up to 6 wk
after transfer (Fig. 2C). However, when MyDS8 " CD4°
CD45RB™ T cells were transferred into RAG-2 " mice, the
recipients also developed wasting disease and colitis despite the
delayed onset (see the following result in Fig. 5), but the clinical
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score at 6 wk after transfer was significantly lower as compared
with that of mice transferred with control MyD88"'""
CD4* CD45RB"™ T cells (Fig. 2C). Thus, the delayed onset and
milder clinical score of mice transferred with MyD88 ' CD4*
CD45RE™" cells would easily be explained by the lack of a
MyD8R-dependent pathway in donor CD4" T cells, but not in
other innate immune cells of the reciplent mice

At 6 wk after transfer, the colon from ol mice transferred with
MyD&S " donor cells, but not that from mice transferred with
MyD88  donor cells. was enlarged and had o greatly thickened
wall (data not shown), In addition, the enlargement of the SP and
MLN was also present in mice transferred with MyD88 ™" donor
cells as compared with mice transferred with MyD88 " donor
cells (data not shown). Histological examination revealed that
mice transferred with MyDB8 ™" donor cells developed severe
colitis showing prominent epithelinl hyperplasia and erosion with
a massive infiltration of mononuclear cells in LP of the colon (Fig.
2D), In contrast, mice transferred with MyD88 ™" donor cells de-
veloped mulder colitis as compared with mice transferred with
MyDE8 """ donor cells, This difference was statistically confirmed
by histological sconng of muluple colon sections, which was mice
transferred with MyD88 " donor cells, 17.0 = 1.0; and mice
transferred with MyDS88 ' donor cells, 6.2 = 242 (p < 0.01)
(Fig. 2E). Importantly, flow cytometry analysis revealed that the
LP CD4" T cells isolated from recipients transferred with either
MyDES ' or MyDS8''" CD4'CD4SRB™™ T cells were
CDA4CDE2L 1L-TRa™™ (Fig. 2F). indicating that the trans-
ferred CD4 " CD4SRB™*" T cells could differentiate into effector-
memory T cells even in the absence of the MyD88-dependent
pathway within colitic CD4" T cells.

A further quantitative evaluation of CD4" T cell infiltration was
made by isolating LP, MLN, and SP CD3'CD4" T cells. As
shown in Fig. 26, significantly lower numbers of CD4" T cells
were recovered from LP, MLN, and SF of mice transferred with
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FIGURE 6, RAG-2' mice transferred with colito-
gemie MyDSE " LP CDM° T cells develop milder co-
hts. A, RAG-2 mice were transferred with colito-
genie MyDER"* (WT) (n = 6) or MyDER " (n = 6)
LPCD4" T cells (4 % 10" cellsfmouse). B, Change in
body weight is expressed as percent of the onginal
weight. Data are represented as mean + SEM of six
mice in each group. =, p < 0L03. €, Clinical scores were
determined at 4 wk afier transfer as desenbed m Mare
rialy and Methods. Data are indicated as mean = SEM
of six mice in each group. = p < 0.01. 0. Hiswlogical
examination of the colon from nuce transferred with
colitic WT (left) or MyDS8™ " (right) CD4" T cells a0
4 wk after transfer, Original magnification, =100, E,
Histological scoring of mice transferred with colitic WT
or MyDSE O T cells at 4 wk after ransfer, Data
are indicated as mean = SEM of six mice in each group,
. p < 005 F, LP, MLN, and SP CD4" T cells were
wsolated from of mice transferred with colitic WT or
MyDS8 " CD4" T cells at 4 wk after transfer. and the
number of CD4 " cells was deternuned by flow cylom
eiry. Data are indicated as mean + SEM of six mice in

ench group. =. p < 0.05. . Cytokine producton by LP

after transfer and stimulated with anti-CD3 and -CD28 1Lr oo

mAbg for 48 h. IFN-y and 1L-17 concentrations in cul-
ture supernatants were measured by ELISA, Data we G
indicated as mean = SEM of six mice in each proup,

“pe 005 glﬂl-
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MyDER donor cells as compared with mice transferred with
MyDB8 " donor cells. To further address the survival of CD4 "
T cells, we nest assessed whether regulation of Bel-2 and Bel-x,
expression requires the MyD88-dependent signaling pathway us-
ing a quanttative RT-PCR. As expected. the SP CD4" T cells
from mice transferred with MyDS8 donor cells expressed a
significantly lower level of Bel-2 and Bel-x; compared with those
from mice transferred with MyDB8 " donor cells (Fig. 2H). We
also examined the cytokine production by isolated LP CD4* T
cells from recipient mice transferred  with MyD8E™"
MyD88 * donor cells along with LP CD4" T cells from healthy
MyDSE" " or MyDBEE '~ mice. As shown in Fig. 2L LPCD4" T
cells from mice transferred with MyD8B ™' donor cells produced
significantly less IFN-vy and IL-17 as compared with those from
mice transferred with MyDEE""" donor cells upon in vitro stim-
ulation by anu-CD3/anti-CD2B mAbs, LP CD4™ T cells from both
healthy WT and MyD88 " mice produced only a small amount of
these cytokines, showing no significant difference under the same
condition (Fig. 20,

VB repertoire is almost constant regardless of WT or
MyDE8™" donor cells

Although we found that mice transferred with MyDRS ™ donor
cells develop milder colitis compared with mice translerred
with MyDER""" donor cells. possibly due 10 the lack of a

MyDRR pathway within CD4" T cells, it remained unclear
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whether expanded CD47 T cells in the recipient mice recognize
the same antigenic epitopes of CD4" T cells. To clarify this
issue, SPCD4° T cells from both groups of mice were analyzed
for their TCR VB repertoire by flow cytometry. As shown in
Fig. 3. the polyclonal dommmant TCR VB repertoire with the
dominancy of VBB 1/82 and VER3 was almost constant re-
gardless of MyDSB """ or MyD88  donor cells, Only the fre-
quency of VBS5.1/5.2 in mice transferred with MyD88 ™" donor
cells was significantly increased as compared with that in mice
transferred with WT donor cells, indicating that colitogenic
CD4" T cells recognizing the same or similar Ag epitopes
could develop independently from the TLR-MyD88 signaling
pathway in CD4° T cells

Expangive activity of WT donor celly predominates over that of
MyDES * donor cells in in vivo competition assay

To further assess the requirement of TLR-My D88 signaling for
the expansion of CD4 " donor cells, we performed in vivo com-
petition experiments. The same number (2.5 % 107 cells/mouse)
of CD4*CDASRB"™™ donor cells from  LyS.I-background
iLy$.1") MyDS8&8'"  and LyS5.2-background (Ly5.27)
MyDB&S mice were comjected ip. into the dentical RAG-
277 mice (Fig 44). As expected, recipient mice developed
severe colitis at 6 whk after cotransfer (data not shown), and a
significantly lower proporiion of Ly5.2" MyDS8 '~ CD4" T
cells was observed not only in the inflamed LP, but also in SP,



