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Figure 8. The c-kitd™ cells, LPNKs, and IENKs are increased in CD. (A) Percentage of NK cells among LPMCs (normal, n = 10; UG, n = 17; CD,
n = 23) or lELs (normal, n = 8; UC, n = 8; CD, n = 11) {upper panels). Percentage of integrin acB;™ cells among LPMCs (hormal, n = 7; UC, n =
10; CD, n = 13) or LPNKSs {normal, n = 7; UC, n = 7; CD, n = 7) (middle panels). Percentage of CD56%™ CD16* and CD568 CD16- NK cells
among PBLs (normal, n = 8; UC, n = 10; CD, n = 9) (bottom panels). Statistical analysis was performed with the Kruskal-Wallis 1-way analysis of
variance, and the Bonferroni-Dunn test for multiple comparisons. *P < .05, P < .01, (B) Percentage of total c-kit*, lin- c-kit*, or lin* c-kitdm cells
among LPMCs (hormal, n = 10; UC, n = 11; CD, n = 15). Resuilts are expressed as means * SEM. Statistical analysis was performed with the
Kruskal-Wallis 1-way analysis of variance, and the Bonferoni-Dunn test for muiltiple comparisons. *P < .05, *P < .01. (C) LPMCs depleted of CD3
and CD56, obtained from CD patients, were cultured for 72 hours and analyzed for expression of c-kit and lin. The data shown are representative
of 7 independent experiments. (D) The line graph shows the time—course changes for CD56+ or integrin ag* cells in ¢-kit* LPMCs from normal
controls (n = 5) or CD patients (n = 7). The data are expressed as means *+ SEM for the percentage of CD56* or integrin ag* cells among the c-kit™
cells. Statistical analysis was performed with a 2-sided Mann-Whitney U test. *P < .05, P < .01.

normal controls (Figure 84). In contrast, the frequency of
NK cells, both for CD564m and CDS6brigh was similar in’
peripheral blood among the 3 groups (Figure 84). Fur-
thermore, although lin- c-kit* cells existed with similar
frequency, the lin® c-kit®™® cells were increased signifi-
cantly in CD compared with UC or normal controls
(Figure 8B). Then we repeated the in vitro culture exper-
iments shown in Figure S and found that more lin*
c-kitdim cells were detected in CD samples at each time

point (Figure 8C), and the majority of these cells ex-
pressed CDS6 and integrin ap (Figure 8D). Taken to-
gether, the increase of LPNKs and IENKs in CD patients
could have been owing to accelerated differentiation
from lin- c-kit? cells. Given that the intestinal NK cells
can strongly produce IFN-y and TNF-o, which is a key
cytokine in the pathogenesis of CD, these increased in-
testinal NK cells may play a pathogenic role in chronic
inflammation in CD.
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Discussion

The sites of NK cell development in adults are un-
derstood poorly.4048 Although T/NKPs have been identified
only in fetal tissues, the bone marrow is presumed to be the
main site of NK cell generation in adults.*%#® In this study,
we have shown that lin~ c-kit* cells in human adult intes-
tine could differentiate into c-kitd™ cells, which express
CDS6 during in vitro culture, suggesting that these cells are
NK cell precursors. Moreover, further analysis showed that
in vitro differentiated c-kird™ CDS6™ cells seemed to corre-
spond to ckiti™ CDS6* cells actually present in human
adult intestine. Combined together, adult intestine may
have unique NK cell differentiation system in which lin-
c-kit* NK precursors undergo in situ differentiation via
c-kitdim cells.

The newly discovered c-kit* cells in the human adule
intestine also express CD34, another marker for HSCs or
immune precursor cells.'7?® In addition to c-kit and
CD34, the intestinal immune precursors expressed
CD38dim CD44, CD45RA, and Thy-1, the phenotypes of
which correspond to those of common lymphoid pro-
genitors or T/NKPs.*? Furthermore, they had abundant
mRNA transcripts for Id2, PU.1, SpiB1, and lympho-
toxin, all of which are essential for HSC differentiation or
NK cell development.

In the murine intestine, c-kit-expressing cells form
small clusters named CP.2 It has been repotted that CP
cells have the potential to differentiate mainly into ex-
trathymic T cells in the intraepithelial space.}® Interest-
ingly, the intestinal c-kit* immune precursor cell expres-
sion level of RAG mRNA was very low, and the RAG
expression level was similar to CP cells, which was re-
ported previously by Oida et al.5% Recent studies have
shown that CD3- CD7* cells in the human fetal intestine
express pTae mRNAD and give rise to CD3* T cells in
vitro and in vivo, using SCID mice with engrafted human
fetal intestine.’* The intestinal c-kit* immune precursor
cells are also CD3- CD7" and express RAG-1, RAG-2, and
pTa mRNA. These results imply that the immune pre-
cursor cells in adult intestine include a subset similar or
identical to the CD3- CD7* cells in the fetal intestine and
they may differentiate into T cells in unusual environ-
ment, such as lymphopenia. However, in that they do not
form aggregates and are much more committed to NK
cells rather than T cells, they should be distinguished
from the murine CP cells that differentiate into intraepi-
thelial T cells. On the other hand, a recent study showed
that c-kit* cells in CP represent LTi in adult mice, which
organize isolated lymphoid follicles.!? Furthermore, be-
cause LTi and T/NKPs have similar expression patterns
of surface antigens and transcription factors,*>52 they are
considered to be subsets that are related closely to each
other. Given that intestinal immune precursor cells also
are similar to LTi in terms of surface antigen expression
and transcriptional profile, it is possible that they contain
an adulc LTi subset.
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Little information is available about intestinal NK
cells. An earlier article reported on lymphokine activated
killer activity in human LPMCs,3 although they failed to
identify NK cells in LPMCs, possibly because of the lack
of suitable NK cell markers at that time. Some recent
reports showed that human LPMCs and IELs contain NK
cells capable of killing tumor cells and producing several
cytokines, such as IFN-y and TNF-a.44 In this study, we
intensively examined the intestinal NK cells to verify the
hypothesis that they develop in situ from the immune
precursor cells in intestinal lamina propria. In terms of
NK cell markers, expression of CDS6, as well as CD94,
CD161, and NKG2D, was lowest in the c-kit™ cells, and
invetsely highest in LPNKs/IENKs. In contrast, immature
cell markers such as c-kit, IL-7Ra, and CD33 were highest
in the intestinal immune precursor cells. Furthermore,
these changes in surface marker expression also were
observed during in vitro differentiation of lin~ ¢-kit* cells
into c-kitdim cells. Collectively, these results suppott the
idea that intestinal immune precursor cells can give rise
to intestinal NK cells via c-kitdim NKP-like cells.

PBNKs can be classified into 2 subsets. One subset is
the conventional CDS56%4™ NK cells and the other is the
CDS6bright NK cells. 4344 Absence of CD16 expression is
also a characteristic feature of the CD56right NK cells.
Alchough CD56 expression of the intestinal NK cells was
not as high as the peripheral CD56%right NK cells, absence
of CD16 expression indicates a similarity between the
intestinal NK cells and the peripheral CDS56bwight NK cells.
In addition, we found that both the intestinal NK cells,
especially LPNKs, and peripheral CDS56righ* NK cells ex-
pressed CD33. Although CD33 is a myeloid lineage
marker, it is reported that CD33* CD34* HSCs can give
rise to CD16~ NK cells in vitro.5* Given that most intes-
tinal immune precursor cells express CD33, and that
intestinal NK cells are CD33* CD16, it is reasonable to
assume that the intestinal NK cells may originate from
the immune precursor cells. Furthermore, CD33 is re-
ported to be expressed on CD56Prigh NK cells in umbilical
cord bloodSs and on T/NKPs in the fetal thymus.?® Al-
though the origin of CDS6P"igh NK cells still is contro-
versial, it recently was reported that the peripheral
CDS6bright NK cells differentiate in the lymph nodes,
unlike conventional CD56%m NK cells.5¢ CD33* CD16-
may be a phenotype that characterizes NK cells develop-
ing outside the bone matrow, such as lymph nodes, the
thymus, and maybe the intestine.

The pathophysiologic contribution of intestinal NK
cells to inflammatory bowel disease has yet to be eluci-
dated. An interesting recent report suggested that the
intestinal NK cells maintain homeostasis of intestinal
mucosal immune system in mice. However, their roles
have not been resolved in human beings.5” We found that
the differentiation of the intestinal immune precursor
cells into NK cells was accelerated in CD, resulting in an
increase in the number of intestinal NK cells in CD
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compared with UC or normal controls. According to the
ptevious report, CDS56bsht NK cells also ate enriched at
inflammatory sites, such as arthritis, infectious pleuritis,
and bacterial peritonitis.>® CD is regarded as a typical T
helper type 1 response (Th1) disease driven by excessive
IFN-y production from dysregulated CD4 T cells infil-
trating the inflamed tissue. However, given that NK cells
constitute a considerable proportion of LPMCs or IELs
(about 8%) and can highly produce IFN-v, intestinal NK
cells may contribute to the pathogenesis of CD. Overex-
pression of IFN-y in CD may modulate intestinal NK cell
differentiation because it was reported that this cytokine
accelerated differentiation of human HSCs.5°

In summary, we have identified c-kit* immune precursor
cells in the human adult intestine for the first time. We also
have shown that these cells are committed mainly to the NK
cell lineage. Because this intestinal NK cell differentiation
system may contribute to the pathophysiology of CD, fur-
ther clarification of the role of intestinal NK cells will help
to better understand the gur immune system and may lead
to new therapeutic strategies against CD.

Appendix
Supplementary data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1053/j.gastro.
2007.05.017.
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Bone Marrow Retaining Colitogenic CD4* T Cells May Be a Pathogenic

Reservoir for Chronic Colitis

YASUHIRO NEMOTO,* TAKANORI KANALL* SHIN MAKITA,* RYUICHI OKAMOTO,* TERUJI TOTSUKA,* KIYOSHI TAKEDA*

and MAMORU WATANABE*

*Department of Gastroenterology and Hepatology, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan; and *Department of Molecular Genetics,

Medical Institute for Bioregulation, Kyushu University, Fukuoka, Japan

Background & Aims: Although bone marrow (BM)
is known as a primary lymphoid organ, it also is
known to harbor memory T cells, suggesting that this
compartment is a preferential site for migration
and/or selective retention of memory T cells. We here
report the existence and the potential ability to in-
duce colitis of the colitogenic BM CD4* memory T
cells in murine colitis models. Methods: We isolated
BM CD4* T cells obtained from colitic severe com-
bined immunodeficient mice induced by the adoptive
transfer of CD4+*CD45RBMg! T cells and colitic inter-
leukin (IL)-107/~ mice that develop colitis spontane-
ously, and analyzed the surface phenotype, cytokine
production, and potential activity to induce colitis,
Furthermore, we assessed the role of IL-7 to maintain
the colitogenic BM CD4* T cells. Results: A high
number of CD4* T cells reside in the BM of colitic
severe combined immunodeficient mice and diseased
IL-107/~ mice, and they retain significant potential to
induce type-1 T helper-mediated colitis in an IL-7-
dependent manner. These resident BM CD4* T cells
have an effector memory (Tgy; CD44b#2CD62L"1L-
7Rbigh) phenotype and preferentially are attached to
IL-7-producing BM cells. Furthermore, the accumu-
lation of BM CD4% Tpy cells was decreased signifi-
cantly in IL-7-deficient recipients reconstituted with
the colitogenic lamina propria CD4% Tgy cells,
Conclusions: Collectively, these findings suggest
that BM-retaining colitogenic CD4* memory T cells
in colitic mice play a critical role as a reservoir for
persisting lifelong colitis,

I t has long been known that T-cell precursors generated
in the bone marrow (BM) migrate to the thymus,
where T-cell development occurs. However, a fact often
neglected is that under physiologic conditions, mature
CD4* and CD8* T cells undergo extensive migration
from the blood to the BM and vice versa. In both human
beings and mice, T-cell receptor aff* cells constitute
approximately 3%- 8% of nucleated BM cells.t? BM CD4*
and CD8* T-cell populations contain a high proportion
of cells displaying a memory phenotype, thar is, express-

ing low levels of CD45RA in human beings® and high
levels of CD44 in mice.*®

As eatly as 1974 it was documented that mouse CD4*
T cells migrate to the BM after priming, and it was
proposed that BM CD4" T cells contributed to the de-
velopment of a memory antibody response in this organ.®
Recently, T cells persisting in extralymphoid organs such
as the liver, lung, and skin have attracred increasing
interest because it has been recognized that these T cells
contribute considerably to the long-lived memory T-cell
pool.”# In this context, BM has been shown to harbor a
high number of antigen-specific CD8" T cells for several
months after resolution of acute infection.? For instance,
adoptive transfer of BM cells from lymphochoriomenin-
gitis virus-immune mice (>90 days after acute infection)
to immunodeficient recipients provides antiviral protec-
tion, and thus CD8* memory T cells from the BM are
able to mount an effective secondary response.!®

Primary T-cell responses to blood-borne antigens also
can be initiated in the BM. This was shown initially in
conditions of altered lymphocyte trafficking in splenec-
tomized mice and then in individuals with normal
lymphoid organs, for both CD4* and CD8* T-cell re-
sponses.!! Thus, the BM resembles a secondary lymphoid
organ, although it lacks the organized T- and B-cell areas
found in the spleen, lymph nodes, and Peyer’s patches.
Although accumulating evidence suggests that BM plays
an important role in the communication with mature
naive/memory T cells, there is no evidence for the role of
BM memory CD4* cells in chronic immune diseases,
such as inflammatory bowel diseases (ulcerative colitis
and Crohn’s disease) and autoimmune diseases. Crohn’s
disease is characterized by chronic inflammation of the
small and Iarge intestine and structures apart from the

Abbreviations used in this paper: Ag, antigen; APC, antigen-present-
ing cell; BM, bone marrow; BrdU, bromodeoxyuridine; CBA, cecal bac-
terial antigen; CSFE, carboxyfluoroscein succinimidyl ester; ELISA, en-
zyme-tinked immunosorbent assay; FITC, fluorescein isothiocyanate;
IFN, interferon; WL, interleukin; LP, Jamina propria; mAb, monoclonal
antibody; MLN, mesenteric lymph node; PE, phycoerythrin; SCID, se-
vere combined immunodeficient; Thi, type-1 T helper.
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bowel. Surgery does not cure Crohn’s disease, and recur-
rence after surgery is the rule rather than the exception.?
There is also no correlation between recurrence of the
disease and the dissection of regional lymph nodes and
spleen.’3 The evidence suggests that other sites might
play a critical role in the recurrence of diseases as reser-
voirs of colitogenic memory CD4% T cells.

Furthermore, it is well known that interleukin (IL)-7 is
important as a critical factor for the survival and homeo-
static proliferation of memory CD4" T cells, and that BM
is a major site of IL-7 production.!* We have shown
previously that mucosal CD4* T cells in colitic mice
express IL-7Ra highly, and they are pathogenic cells re-
sponsible for chronic colitis.!3 In vitro stimulation of
these colitic lamina propria (LP) CD4*IL-7Rbigh T cells by
IL-7, but not IL-15 and thymic stromal lymphopoietin,
enhanced significant proliferative responses and survival
of colitic CD4* T cells.!6 These backgrounds prompted
us to investigate the role of the resident BM memory
CD4* T cells in persisting lifelong colitis using a murine
model of chronic colitis induced by the adoptive transfer
of CD4*CD45RBM#h T cells.

Materials and Methods

Mice .

Female BALB/c, CB-17 severe combined immuno-
deficient (SCID), and C57BL/6 mice were purchased from
Japan Clea (Tokyo, Japan). Female C57BL/6 Rag-27/~
mice were provided by Central Laboratories for Experi-
mental Animals (Kawasaki, Japan). CS7BL/6 Rag-17/~
mice and IL-77/~ mice were kindly provided by Dr.
Zamoyska (National Institute for Medical Research, Lon-
don, UK).'” IL-7/~ X Rag-17/~ mice and littermate IL-
7+/* X Rag-17/~ mice were generated in our laboratory.
All mice were maintained under specific-pathogen-free
conditions in the Animal Care Facility of the Tokyo
Medical and Dental University. The Institutional Com-
mittee on Animal Research approved the experiments,

Antibodies and Flow Cytometry

The following monoclonal antibodies (mAbs)
other than biotin-conjugated anti-mouse IL-7Ra (A7R34;
Immuno-Biological Laboratories, Takasaki, Japan) were
obtained from BD PharMingen (San Diego, CA) and used
for purification of cell populations and flow-cytometric
analysis: Fey (CD16/CD32)-blocking mAb (2.4G2), phy-
coerythrin (PE)-, peridinin chlorophyll protein, and phy-
coerythrin-phycoerythrin- 5’- disulfonatoindodicarbo-
cyanine conjugated anti-mouse CD4 (RM4-5); fluorescein
isothiocyanate (FITC)-conjugated anti-mouse CD3 (145-
2C11); PE- and allophycocyanin-conjugated anti-mouse
CD44 (IM7); FITC- and PE-conjugated anti-mouse
CD62L (MEL-14); FITC-conjugated anti-mouse CD69
(H1.2F3); PE-conjugated anti-mouse integrin o,83;
(DATK32); FITC-conjugated anti-mouse CD45RB (16A);
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FITC-conjugated hamster anti-mouse Bcl-2 (3F11); PE-
conjugated streptavidin; biotin-conjugated rat IgG2; PE-
conjugated mouse IgG; and PE-conjugated rat IgG. Flow
cytometric 3-color analysis was performed as described.!®

Induction of Colitis

Colitis was induced in SCID/Rag-2~/~ mice by the
adoptive transfer of CD4+*CD4SRBMed T cells as de-
scribed.!® Colitic mice were killed at 6-8 weeks after
transfer, and CD4* T cells were isolated from BM, mes-
enteric lymph nodes (MLNs), and colonic LP.

Cytokine Enzyme-Linked Immunosorbent
Assay

To measure cytokine production, 3 X 10 CD4+ T
cells from MLN, LP, and BM were cultured in 200 pL of
culture medium at 37°C in a humidified atmosphere
containing 5% CO, in 96-well plates (Costar, Cambridge,
MA) precoated with 5 ug/mlL hamster anti-mouse CD3e
mADb (145-2C11; BD PharMingen) and 2 ug/mL hamster
anti-mouse CD28 mAb (37.51; BD PharMingen) in phos-
phate-buffered saline (PBS) overnight at 4°C. Culture
supernatants were removed after 48 hours and assayed
for cytokine production, Cytokine concentrations were
determined by specific enzyme-linked immunosorbent
assay (ELISA) as per the manufacturer’s recommendation
(R&D, Minneapolis, MN).

Interferon-y Production by CD4™ T Cells
Stimulated With APCs Pulsed With Cecal
Extracts

Colitic SCID mice were killed and their cecums
were removed. The cecums were opened and placed in 1
mL of PBS, and the cecal bacteria were expelled by mixing
with a vortex, and residual cecal tissue was removed. After
the addition of DNase (10 ug/mL), 1 mL of this bacterial
suspension was added to 1 mL of glass beads.!? The cells
were disrupted at S000 revolutions per minute in a Mini-
Bead Beater (BioSpec Products, Bartlesville, OK) for 3
minutes and then iced. The glass beads and unlysed cells
were removed by centrifuging at 5000 X g for 5 minutes.
The lysates were filter-processed in a similar manner. For
antigen-presenting cells (APCs), spleen cells from normal
BALB/c mice were prepared and treated with the appro-
priate concentration of cecal bacterial antigens (CBAs) as
indicated at 2 X 107 cells/5 mL in a 15-mL tube overnight
at 37°C. After washing twice, these APCs were treated
with mitomycin-c before being added to T-cell cultures.
BM, MLN, and LP CD4* T cells obtained from normal
mice and colitic CD4*CD45RBhgh T-cell-transferred
SCID mice wete cultured in the presence of APCs pre-
treated with cecal extract antigens in complete media.
The culture supernatants were collected on day 3 of
culture for interferon (IFN)-y assay by ELISA.
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Bromodeoxyuridine Incorporation

Colitic mice and age-matched normal BALB/c
mice were given 1 mg of bromodeoxyuridine (BrdU) in
PBS by intraperitoneal injection. Twenty-four hours later,
mice were killed and the lymphocytes were prepared from
BM, MLN, and colonic LP. Cells were first stained with
PE-conjugated anti-CD4 mAbs for 2-color flow-cytomet-
ric analysis, or peridinin chlorophyll protein-conjugated
anti-CD4 mAbs, APC-conjugated anti-CD44 mAbs, and
PE-conjugated anti-CD62L mAbs for 4-color flow-cyto-
metric analysis, and fixed and permeabilized with Cyto-
fix-Cytoperm (BD PharMingen) solution according to the
manufacturer’s instructions. Cells were stained with
FITC-conjugated anti-mouse BrdU (BD PharMingen) di-
luted in perm/wash buffer.

Cell-Cycle Analysis

A rotal of 1 X 106 cells from colitic mice induced
by the adoptive transfer of CD4*CD45RBbsk T cells were
stained for PE-conjugated anti-CD4 mAbs, and fixed and
permeabilized with Cytofix-Cytoperm (BD PharMingen)
solution according to the manufacturer’s instructions.
7-AAD (10 pug/mL) and RNase (200 ug/mL) were added,
and cells were incubated for 20 minutes at room temper-
ature. Cells were acquired on a FACSCalibur (BD Phar-
Mingen) in their staining solution. Cell-cycle analysis of
DNA histograms was performed with Cell Quest Soft-
ware (BD PharMingen).

Immunobistochemistry

Consecutive cryostat bone marrow sections (6
um) were fixed and stained with the following rat anti-
bodies: biotinylated CD4 (RM4-5) and polyclonal anti-
IL-7 antibodies (R&D Laboratories). Alexa 594 goat anti-
rat IgG, Alexa 488 goat anti-hamster IgG, and Alexa 488
rabbit anti-goat IgG (Molecular Probes, Eugene, OR)
were used as second antibodies. All confocal microscopy
was performed on a BioZERO BZ8000 (Keyence, Tokyo,

Japan).

Adoptive Transfer Experiments

To assess the in vivo potential of the residual BM
CD4* T cells in colitic SCID mice induced by the adoptive
transfer of CD4TCD4SRBhigh T cells to induce colitis, CD4*
T cells (1 X 105 cells/mouse) isolated from the BM, MLN,
and LP of colitic mice or BM of age-matched normal
BALB/c mice were injected into new SCID mice. In another
set of experiments, BM CD4* T cells (1 X 10° cells/mouse)
isolated from colitic IL-107/~ mice (age, 20 wk) or age-
matched normal CS7BL/6 mice (1 X 105 cells/mouse) were
injected into C57BL/6 RAG2™/~ mice. To assess the role of
commensal bacteria in the development of colitis and the
retention of colitogenic BM CD4" effector-memory T (Tgy)
cells, we used broad-spectrum antibiotics in another adop-
tive transfer experiment. CB-17 SCID mice were treated
with or without ampicillin (1 g/L; Sigma, St. Louis, MO),
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vancomycin (500 mg/L; Abbott Labs, Abbott Park, Illinois),
neomycin sulfate (1 g/I; Pharmacia/Upjohn, New York,
NY), and metronidazole (1 g/L; Sidmak, Gujarat, India) in
drinking water 4 weeks before beginning the adoptive trans-
fer and during the course of the development of colitis
based on a variation of the commensal depletion protocol
of Fagarasan et al2® All recipient mice were weighed ini-
tially, then 3 times/wk after the transfer. They then were
observed for clinical signs of illness as previously de-
scribed.1®

Adoptive Transfer Experiments Into IL-7~/~

X Rag-1-/~ Mice

To assess the role of IL-7 in the maintenance of BM
CD4* T cells, we further transferred LP CD4* T cells (2 X
108 cells/mouse) isolated from colitic CD4*CD4SRBhigh T-
cell-transferred mice into IL-77/~ X Rag-17/~ and IL-7+/*
X Rag-1~/~ mice. Mice were killed 5 days after transfer, and
the spleen and BM cells were isolated and stained with
PE-conjugated rat anti-CD3e mAbs and FITC-conjugated
rat anti-CD69 mAbs or isotype FITC-conjugated control
antibody. Before staining for intracellular Bcl-2, cells (2 X
108) were stained with PE-conjugated rat anti-CD3 mAbs as
described eatlier. After washing, cells were fixed and perme-
abilized with Cytofix-Cytoperm (BD PharMingen) solution
according to the manufacturer’s instructions. Cells were
stained with either FITC-conjugated hamster anti-mouse
Bcl-2 or a control antibody diluted in perm/wash buffer. To
further assess the proliferative responses of CD4* T cells in
IL-7+/* X Rag-17/~ and IL-77/~ X Rag-17/~ recipients, LP
CD4* T cells from SCID mice with colitis induced by the
adoptive transfer of CD4*CD4SRB"g" T cells were labeled
with carboxyfluoroscein succinimidyl ester (CESE) (Molec-
ular Probes) by incubating at S wmol/L in PBS, quenching
with fetal calf serum, and washing with PBS 3 times. Cells
were resuspended in PBS, and 3 X 10° rtotal cells were
transferred by intravenous injection into IL-7*/* X Rag-
17/~ and IL-77/~ X Rag-1/~ mice. In anothet set of exper-
iments, we transferred with colitogenic BM CD4* T cells
from colitic CD4*CD45RBhsh T-cell-transferred Rag-2~/~
mice into IL-7¥/* X Rag-17/~ and IL-77/~ X Rag-17/-
recipients to clarify whether these mice develop colitis. Mice
were killed at 10 weeks after transfer.

Statistical Analysis

The results were expressed as the mean * SD.
Groups of data were compared by the Mann-Whitney U
test. Differences were considered statistically significant
when the P value was less than .0S.

Resulits

Effector Memory T Cells Reside in the BM of
Colitic Mice

To investigate the role of BM in consecutive im-
munopathology in immune-mediated diseases, we first
compared the composition and phenotype of CD4+ T
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Figure 1. Colitic BMCD4* T cells are CD44MaCDB2LIL-7RaMaN, Expression of CD44, CDB2L, IL-7Ra (CD127), CD69, and integrin a4 87 on CD4*
T cells obtained from spleen, MLN, LP, and BM in colitic mice induced by adoptive transfer of CD4+CD45RBMNe" T cells into CB-17 SCID mice (6
weeks after transfer) and normal BALB/c mice {age, 8 wk). Freshly isolated cells from colitic mice and normal BALB/c mice were stained with
FITC-labeled anti-CD4, and PE-labeled anti-CD44, anti-CD62L, anti-IL-7Re, anti-CD69, or anti-integrin a4 37 mAbs. Samples were analyzed by flow
cytometry. Lymphocytes were identified by characteristic forward angle and side-scatter profiles. Data are displayed as a dotted plot (4-decade log
scale) and quadrant markers were positioned to include more than 98% of control lg-stained cells in the lower left. Percentages in each quadrant are

indicated. Representative of 3 mice in each group.

cells in BM, MLN, and colonic LP of colitic mice induced
by the adoptive transfer of CD4*CD4SRBMs" T cells into
recipient CB-17 SCID mice and with those of age-
matched normal BALB/c mice. CD3*CD4* mature T
cells were found to reside in BM, MLN, and LP (colitic
mice: BM, 12.7 % 4.4 X 10° per mouse; MLN, 7.01 = 4.2
X 105 and LP, 187 *+ 99 X 10% normal mice: BM, 16.6
+ 3.8 X 105, MLN, 99.6 = 18 X 10% and LP, 4.17 * 1.2
X 10%). As shown in Figure 1, the BM CD4* T cells, as
well as MLN and LP CD4* T cells, from the colitic mice,
exclusively have a phenotype of CD44MCD62L" cells.
Furthermore, these colitic BM CD4*% T cells expressed
IL-7Ra highly, indicating that the colitic BM CD4*
T cells have a characteristic of Tgy cells. In con-
trast, the BM CD4* T cells from normal mice are com-
posed of 3 subpopulations: CD44°“CD62L* naive
cells, CD44hebCD62L* central-memory T cells, and
CD44bishCD62L~ Tgy cells (Figure 1), CD69, which is
associated with cell activation, was expressed by a signif-
icantly higher proportion of CD4* T cells from colitic
mice than from normal mice. Interestingly, BM CD4* T
cells from colitic mice expressed relatively, but not sig-

nificantly, high levels of integrin a4f7, a homing recep-
tor to the gut, as compared with BM CD4* T cells from
normal mice, but lower levels than did MLN CD4* T cells
from colitic mice. These data indicate that the integrin
a4f7-expressing CD4" memory T cells, which are in-
structed to express the molecule in MLN or Peyer’s patch-
es, 2122 migrate to the BM.

Colitic BM CD4* Memory T Cells Produce a
Large Amount of Th1 Cytokines

We next examined whether the colitic BM CD4* T
cells retained the ability to produce type-1 T helper (Th1)
cytokines as well as the colitic CD4* T cells in other sites.
The production of IFN-v, tumor necrosis factor-a, and
IL-2 by anti-CD3/CD28 mAb-stimulated BM CD4* T
cells from colitic mice was significantly higher than that
by normal BM CD4* T cells, but lower than those by
anti-CD3/CD28 mAb-stimulated LP CD4* T cells (Fig-
ure 2), indicating that the colitic BM CD4* T cells could
be primed to Thl-type cells, and sustained in the BM.

To determine whether the BM CD4% T cells from
colitic mice express their pathogenic potential on stim-
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ulation with antigens derived from resident enteric
bacteria, we examined in vitro IFN-y secretion by nor-
mal and colitic BM, MLN, and LP CD4* T cells stim-
ulated with various concentrations of CBA. The results
show that significantly higher levels of IFN-y were
produced by colitic BM CD4* T cells in response to a
high dose (1000 pwg/mL) of CBA as compared with
normal BM CD4* T cells, but significantly lower than
those by colitic LP CD4* T cells, which responded to
much lower concentrations (10, 100, 1000 ug/mL) of
CBA (Figure 3). The similar result was obtained by
paired samples of MLN (Figure 3) and splenic (data
not shown) CD4* T cells. These results indicated that
the colitic BM CD4* T cells have the potential to
respond against bacterial antigens and thus have the
possibility to be colitogenic similar to the colitic LP
CD4* T cells as we have shown previously.'8

IL-7-Expressing Cells are Scattered
Throughout BM and Colocalized in Close
Proximity to CD4" T Cells

We next examined the distribution of IL-7-pro-
ducing cells?? and their interaction with CD4* T cells in
the colitic BM. The IL-7-expressing cells were scattered
throughout the BM as has been reported previously?*
and most CD4* T cells were in close contact with the
bodies of IL-7-expressing cells (Figure 4). In contrast,
IL-7 was not expressed, and CD4* T cells did not reside
in the BM of IL-77/~ X Rag-17/~ mice used as a negative
control (Figure 4).

BM Contains the Most Actively Dividing Pool
of CD4* T Cells

To examine the homeostatic proliferation of the
colitic BM CD4* T cells, 2 experimental approaches were
used. First, we examined memory CD4"* T cells from each
tissue for evidence of active cell division by DNA staining
using 7AAD (Figure 5A). Cells actively synthesizing DNA
could be identified by their increased DNA content, al-
lowing us to identify tissues where active cell division was
occurring. A larger percentage of CD4% T cells was ac-
tively synthesizing DNA in both the colitic and normal
BM than in any other tissues (Figure SA). Although the
difference was slight, it was reproducible over 3 indepen-
dent experiments.

Second, colitic mice were injected with BrdU to provide
evidence of recent DNA synthesis. To accurately examine
the differences in cell proliferation in different tissues, it
was necessary to give a short pulse of BrdU because

Figure 2. Colitic BM CD4* T cells produce Th1 cytokines. Cytokine
production by CD4* T cells. Isolated CD4* T cells were stimulated with
anti-CD3 and anti-CD28 mAbs for 48 hours. The indicated cytokines in
these supernatants were measured by ELISA. Data are indicated as the
mean * SD of 7 mice in each group.
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Figure 3. IFN-y production by CD4* T cells stimulated with APCs pulsed with CBA from colitic mice induced by adoptive transfer of
CD4+CD45RBMN T cells. Supernatants collected on day 3 of culture were assayed for IFN-y by ELISA. Data are indicated as the mean + 8D of 5
mice in each group. *P < .05. ND, not detected.

longer treatment with BrdU might obscure the differ-  BrdU incorporation was measured in the CD4* T cells
ences among the various tissues, probably because of the  obtained from BM, MLN, and LP (Figure 5B). Signifi-
migration of dividing cells among the tissues. Mice thus  cantly higher percentages of memory T cells were synthe-
were killed 24 hours after the injection of BrdU, and  sizing DNA in the colitic BM, MLN, and LP as compared

CD4'CD45RB™s*  IL-77 RAG1”-
Colitis mouse mouse

Figure 4. Cluster formation between CD4* T cells and IL-7-expressing stromal cells within BM. Frozen sections of BM from colitic mice induced by adoptive
transfer of CD4*CD45RBN T cells () and untreated IL-7/~ X Rag-1~/~ control mice {ight) were stained with cormesponding monoclonel antibodies. The
IL-7—-expressing cells {green) are scattered uniformly throughott the BM CD4* T cells red). CD4* T cels lie close to IL-7-expressing stromal cells.
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Figure 5. Colitic BM contains the actively dividing pool of memory
CD4* T cells. (A) BM, MLN, and LP CD4* T cells from colitic mice or
age-matched normal BALB/c mice were stained for DNA content using
7AAD. One representative mouse is shown of 5 mice analyzed. (B)
Colitic mice and normal control mice were injected with BrdU for pulse-
chase studies of BrdU incorporation. One representative mouse of 4 is
shown. (C) Colitic mice and normal control mice were injected with
BrdU as described in the Materials and Methods section. CD4+ T cells
were stained with CD4, CD44, and CD62L. before intracellular staining
for BrdU, and then the gated CD4+CD44Me"CDB2L~ Tey cells in the BM
and LP from colitic and normal mice were assessed by the BrdU incor-
poration. One representative mouse of 3 is shown.

with those in the paired normal BM, MLN, and LP.
Because we compared dissimilar subsets in this setting
because normal BM contains all subsets, such as naive,
central memoty, and Tgy CD4* T cells, yet in contrast
colitic BM CD4*% T cells are constituted of Tgy cells
exclusively (Figure 1), we next compared colitic BM and
LP CD4+CD44Mg"CDG2L" Tgy cells with the paired nor-
mal Tgy cells. As shown in Figure 5C, DNA synthesis in
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colitic BM and LP CD4*CD44highCD62L~ Ty cells was
increased significantly as compared with that in the
paired normal gated Tgy cells (Figure 5C).

Transfer of the BM Memory CD4™ T Cells
From Colitic Mice Into SCID Mice
Reproduce Th1-Mediated Colitis

Based on the earlier-described results, we hypoth-
esized that the colitic BM retaining CD4* Tgy cells is a
pathogenic reservoir for persisting lifelong colitis. To
prove this, we performed an adoptive transfer experiment
by transferring colitic BM, MLN, and LP CD4* Tgy cells
obtained from CD4+*CD45RBhgh-transferred SCID mice
and normal BM CD4* T cells into new SCID mice (Fig-
ure 6A). As shown in Figure 6B, mice transferred with the
colitic BM, MLN, and LP CD4* T cells manifested pro-
gressive weight loss at 8 weeks after transfer, These mice
had diarrhea with increased mucus in the stool, anorectal
prolapse, and hunched posture by 4-6 weeks. In con-
trast, mice transferred with normal BM CD4*% T cells
appeared healthy, showing a gradual increase of body
weight and no diarrhea during the period of observation
(Figure 6B and C). At 8 weeks after transfer, colitic BM
CD4% T-cell-transferred mice, but not mice transferred
with normal BM CD4* T cells, had enlarged colons with
greatly thickened walls (Figure 6D). The assessment of
colitis by clinical scores showed a clear difference between
mice transferred with colitic BM CD4* T cells and mice
transferred with normal BM CD4* T cells (Figure 6C). In
addition, the clinical scores of mice transferred with
colitic BM CD4* T cells were comparable with those of
mice transferred with colitic MLN or LP CD4* T cells.
Histologic examination showed prominent epithelial hy-
perplasia with glandular elongation and massive infiltra-
tion of mononuclear cells in LP of the colon from colitic
BM CD4* T-cell-transferred mice as well as colons from
the colitic MLN or LP CD4t T-cell-transferred mice
(Figure 6E). In contrast, pathologic findings were not
observed in the LP of the colon from mice transferred
with normal BM CD4* T cells (Figure 6E). This differ-
ence also was confirmed by histologic scoring of multiple
colon sections (Figure 6F).

A further quantitative evaluation of CD4* T-cell accu-
mulation was made by isolating CD3*CD4* T cells. Few
CD3*CD4"* T cells were recovered from the colonic LP in
the normal BM CD4% T-cell-transferred mice as com-
pared with the mice transferred with the colitic BM,
MLN, or LP CD4" T cells (Figure 6G). Somewhat unex-
pectedly, the number of CD4* T cells recovered from the
BM of normal BM CD4* T-cell-transferred mice was
comparable with that from mice transferred with the
colitic BM, MLN, or LP CD4* T cells (Figure 6G). Im-
portantly, the number of CD4* cells recovered from the
colitic BM CD4* T-cell-transferred mice far exceeded the
number of cells originally injected (1 X 105), indicating
extensive T-cell migration and/or proliferation in each
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tissue. We also examined the cytokine production by
isolated LP CD4* T cells. As shown in Figure 6H, LP
CD4* T cells from colitic BM CD4* T-cell-transferred
mice produced significantly higher levels of IFN-y and
tumor necrosis factor-a than those from normal BM
CD4* T-cell-transferred mice on in vitro anti-CD3/anti-
CD28 mAbs stimulation. In contrast, the production of
IL-4 or IL-10 was not affected significantly (data not
shown).

IL-7 Is Essential for the Survival and
Homeostatic Proliferation of Colitogenic BM
CD4* Memory T Cells

To further analyze the role of IL-7 in the survival
and homeostatic proliferation of the colitogenic BM
CD4* T cells, we retransferred CFSE-labeled LP CD4* T
cells obtained from CD4*CD45RBhgh T-cell-transferred
colitic mice into IL-7*/* X Rag-17/~ and IL-77/~ X Rag-
17/~ mice (Figure 7A). Rapid proliferation of donor co-
litic LP CD4* T cells was observed in the BM from
IL-77/~ X Rag-17/~ mice § days after the transfer, al-
though the relative size of the expanded T-cell popula-
tions in IL-77/~ X Rag-17/~ BM CD4" T cells was ap-
proximately 80% of that observed in the control IL-7*/*
X Rag-17/~ BM CD4* T cells (Figure 7B). Somewhat
unexpectedly, however, the recovered cell numbers of the
BM and spleen CD4* T cells from IL-77/~ X Rag-17/~
mice were strikingly lower than those from IL-7+/* X
Rag-17/~ mice (BM: IL-77/~ X Rag-17/72.3 *+ 1.9 X 105
IL-7+/* X Rag-17/~ mice, 45 = 19 X 105 spleen: IL-77/~
X Rag-17/~ 3.8 + .1 X 105 IL-7*/* X Rag-17/~ mice, 32
+ 13 X 10% (Figure 7C), indicating that the IL-7 was
essential for the survival rather than the homeostatic
proliferation of the colitogenic CD4* T cells in the BM.
Consistent with this notion, we next assessed if regula-
tion of Bcl-2 requires IL-7 at day 5 after the transfer,
because induction of the anti-apoptotic protein, Bcl-2, is
a hallmark of responses to IL-7.14 As expected, the BM
CD4* T cells in IL-77/~ X Rag-17/~ mice expressed lower
levels of Bcl-2 than those in IL-7%/* X Rag-17/~ mice
(Figure 7D). Furthermore, the cell activation marker
CD69 also was down-modulated significantly on the BM
CD4* T cells in IL-77/~ X Rag-17/~ mice as compared
with those in IL-7*/* X Rag-17/~ mice (Figure 7E).

Finally, we asked whether adoptive transfer of colito-
genic BM CD4* T cells into IL-77/~ X Rag-17/~ or
IL-7*/* X Rag-17/~ mice induces colitis and results in the
retention of BM CD4* T cells (Figure 84). Expectedly,
transfer of colitogenic BM CD4* T cells into the control
IL-7+/* X Rag-17/~ mice led to a severe wasting disease
4-6 weeks after transfer, but IL-77/~ X Rag-17/~ mice
transferred with colitogenic BM CD4* T cells appeared
healthy and continued to gain weight during 10 weeks of
observation (data not shown). The clinical score of IL-
7=/~ X Rag-17/~ recipients was almost zero, and signifi-
cantly lower than that of IL-7%/* X Rag-17/" recipients at
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10 weeks after transfer (Figure 8B). The colon, the spleen,
and the MLN from IL-7+/* X Rag-1-/~ recipients, but
not those from IL-77/~ X Rag-17/~ recipients, were en-
larged and had a greatly thickened wall of colon (Figure
8C). Consistent with the lack of clinical signs in IL-77/~
X Rag-17/~ recipients, they displayed no histologic evi-
dence of intestinal inflammation in contrast to IL-7+/* X
Rag-17/~ recipients with severe inflammation (Figure
8D). Histologic analysis of colonic mucosa showed devel-
opment of severe colitis in IL-7*/* X Rag-17/~, but not in
IL-7/~ X Rag-17/", recipients (Figure 8E). The total cell
numbers of isolated BM, MLN, and LP CD3*CD4* T
cells from IL-77/~ X Rag-17/~ recipients were signifi-
cantly lower than those from IL-7+/* X Rag-17/~ recipi-
ents (Figure 8F). Collectively, these results indicated that
IL-7 is essential to develop colitis for colitogenic BM
CD4* T cells and to sustain these cells in the BM and in
the LP and the MLN.

SCID Mice Transferred With
CD4*CDA45RB"8" and Administered With
Broad-Spectrum Antibiotics Did Not Develop
Colitis, but Retained CD4% Tgps in BM

It generally is accepted that colitis-inducing
CD4*CD45RB"eh T cells recognize bacterial and/or self-
antigens that are induced by the presence of intestinal
bacteria, and germ-free conditions prevent the develop-
ment of intestinal inflammation in many animal models
of colitis including the CD4*CD45RBMgh T-cell-transfer
model.25 We therefore assessed whether SCID mice trans-
ferred with CD4*CD45RBhgh T cells and created with or
without oral administration of a mixture of antibiotics
(vancomycin, neomycin, metronidazole, and ampicillin)
develop colitis and the persistence of BM CD4* T cells
(supplemental Figure 1A; supplementary material online
at www.gastrojournal.org). As expected, we found that
SCID mice transferred with CD4+*CD45RBMeh T cells
without oral administration of antibiotics developed
wasting disease (supplemental Figure 1B) and severe co-
litis (supplemental Figure 1C), whereas those with ad-
ministration of antibiotics did not develop wasting dis-
ease and colitis 4 weeks after transfer (supplemental
Figures 1B and C). The blinded histologic score of mice
treated with antibiotics was almost zero in contrast to
control recipient mice without administration of antibi-
otics (6.2 * 1.3) (supplemental Figure 1D). The average
number of CD3*CD4* T cells recovered from recipient
mice that transferred with CD4+CD45RBhgh T cells and
given drinking water without antibiotics was 11.0 + 0.7
X 105 per mouse in BM, 52 * 20 X 105 in MLN, and 240
+ 40 X 10° in LP (supplemental Figure 1E). In con-
trast, the cell number in mice transferred with
CD4*+CD45RB"sh T cells and treated with antibiotics was
decreased significantly compared with mice transferred
with CD4*CD4SRBhigh T cells and given the antibiotics
(BM, 2.2 % 1.8 X 10° per mouse; spleen, 11 * 11 X 10%
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and LP, 28 * 24 X 10%) (supplemental Figure 1E). There-
fore, the administration of antibiotics significantly sup-
pressed colitis and resulted in the reduced expansion of
BM CD3*CD4* T cells and MLN and LP.

Transfer of BM CD4* T Cells From Colitic

IL-10-Deficient Mice, but not Normal Mice,

Into Rag-2~/~ Mice Reproduces Th1-

Mediated Colitis

We finally addressed whether larent colitogenic
CD4* T cells reside in the BM in a colitis model that
develops colitis spontaneously, rather than the adoptive
transfer model, in this case, IL-107/~ mice?¢ (supplemen-
tal Figure 24; supplementary material online at www.gas-
trojournal.org). We first isolated the BM CD4* T cells
from diseased IL-107/~ mice and age-matched normal
CS7BL/6 mice, and analyzed the expression of CD44 and
CD62L on CD4* T cells by flow cytometry. Similar to the
BM CD4* T cells in colitic mice induced by the adoptive
transfer of CD4*CD4SRBVgh, CD4*CD44hishCD62L~
Tgy cells preferentially resided in the BM of colitic 1L-
107/~ mice as compared with age-matched normal
C57BL/6 mice (supplemental Figure 2B, upper). We next
transferred the BM CD4* T cells from diseased IL-107/~
mice and age-matched normal C57BL/6 mice into recip-
ient C57BL/6 Rag-2=/~ mice (supplemental Figure 2A).
Mice transferred with the colitic IL-10/~ BM CD4* T
cells manifested progressive weight loss (wasting disease)
at 10 weeks after transfer as compared with the mice
transferred with normal C57BL/6 BM CD4* T cells (data
not shown). These mice had significant clinical symp-
toms by 4-6 weeks after transfer, but mice transferred
with normal BM CD4* T cells appeared healthy without
diarrhea during the whole period of observation. The
assessment of colitis by clinical scores showed a clear
difference between the mice transferred with colitic IL-
107/~ BM CD4* T cells and the mice transferred with
normal BM CD4" T cells (supplemental Figure 2C). At 10
weeks after transfer, the colitic IL-107/~ BM CD4* T-cell-
transferred mice, but not those transferred with normal
BM CD4"* T cells, had enlarged colons with greatly thick-
ened walls (supplemental Figure 2D). Histologic exami-
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nation showed severe signs of colitis, including epithelial
hyperplasia and massive infiltration of mononuclear
cells, in LP from the colitic IL-107/~ BM CD4* T-cell-
transferred mice as compared with the colons from the
normal BM CD4* T-cell-transferred mice (supplemental
Figure 2E). This difference also was confirmed by histo-
logic scoring of multiple colon sections (supplemental
Figure 2F). Furthermore, few CD4* T cells were recovered
from the colonic LP in the normal BM CD4* T-cell-
transferred mice as compared with the mice transferred
with the colitic IL-107/~ BM CD4" T cells (supplemental
Figure 2G). As in the model of CD4+*CD45RBhigh T-cell-
transferred colitis, the number of recovered BM CD4* T
cells from the normal BM CD4* T-cell-transferred mice
was comparable with that from mice transferred with the
colitic IL-10~/~ BM (supplemental Figure 2G). We finally
examined the cytokine production by isolated LP CD4* T
cells. LP CD4* T cells from the normal BM CD4* T-cell-
transfetred mice produced significantly less IFN-y and
tumor necrosis factor-a than those from the colitic IL-
107/~ CD4* T-cell-transferred mice on in vitro stimula-
tion (supplemental Figure 2H). These results suggested
that the colitic IL-10/~ BM CD4* T cells have potent
colitogenic CD4* T cells to reproduce Thl-mediated co-
litis in normal recipient SCID mice.

Discussion

In the present study, we showed that
CD4*CD44highCDG2LIL-7Rabigh Ty, cells, but not cen-
tral-memory T cells and naive T cells, preferentially reside
in the BM obtained from Thl-mediated colitic SCID/
Rag-27/~ mice induced by the adoptive transfer of
CD4*CD45RBheh T cells. Importantly, these resident BM
CD4* Tgy cells are attached closely to IL-7-producing
stromal cells in the BM, and retain significant potential
to induce colitis by the adoptive retransfer into new
SCID/Rag-27/~ mice. Of particular importance, we
showed here that IL-7 is essential for the development of
colitis induced by the adoptive transfer of colitogenic BM
CD4* Ty cells using IL-77/~ X Rag-17/~ and the control
IL-7+/* X Rag-1~/~ mice. Furthermore, the accumulation

Figure 6. SCID mice transferred with the BM CD4* T cells obtained from CD4+CD45RB"" T-cell-transferred colitis develop chronic colitis. (A)
CB-17 SCID mice were injected intraperitoneally with normal splenic CD4+CD45RBM T cells. Six weeks after transfer mice developed chronic
colitis, and CD4* T cells were isolated from each organ. Doses of 2 X 10% BM, MLN, or LP CD4* T cells were injected into new CB-17 SCID mice.
As a negative control, 2 X 105 BM CD4* T cells obtained from normal BALB/c mice also were injected into SCID mice. (8) Mice transferred with the
colitic BM CD4* T cells did not gain weight. *P < .05. (C) Mice transferred with the colitic BM CD4* T cells showed severe clinical signs of colitis. Data
are indicated as the mean + SEM of 7 mice in each group. *P < .05. (D) Gross appearance of the colon, spleen, and MLN from mice transferred with
the colitic BM CD4* T cells {first row), the normal BM CD4+ T cells (second row), the colitic MLN CD4* T cells (third row), or LP CD4* T cells {fourth
row). (E) Histopathologic comparison of distal colon from mice injected with the colitic BM, the normal BM, the colitic MLN, or the colitic LP CD4*
T cells. Original magnification: upper, 40X; lower, 100X . (F) Histologic scores were determined at 8 weeks after transfer as described in the Materials
and Methods section. Data are indicated as the mean * SEM of 7 mice in each group. *P < .08. (G) LP and BM CD4* T cells were isolated from mice
injected with colitic BM, normal BM, colitic MLN, or colitic LP CD4* T cells 8 weeks after transfer, and the number of CD3*CD4* cells was determined
by flow cytometry. Data are indicated as the mean x SEM of 7 mice in each group. *P < .05. (H) Cytokine production by LP CD4* T cells. IFN-yand
tumor necrosis factor-a concentrations in culture supematants were measured by ELISA. Data are indicated as the mean * SD of 6 mice in each
group, *P < .05.
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of BM CD4" T cells was decreased significantly in IL-7-
deficient recipients reconstituted with the colitogenic LP
CD4+ Tgy cells. Collectively, these findings suggest that
the BM CD4* Ty cells residing in mice with chronic

Figure 8. IL-7~/~ X Rag-1~/~ mice transferred with colitogenic BM CD4*CD44M"CDB2L~ Tew cels did not develop coltis. (A) IL-7+/* X Rag-1~/~
{(n = 5) and IL-7~/~ x Rag-1~/~ {n = 5) mice were transferred with colitic BM CD4+ T cells. (B) Clinical scores were determined 10 weeks after
transfer. Data are indicated as the mean = SEM of 7 mice in each group. *P < .005. (C) Gross appearance of the colon, spleen, and MLN from -7/~
X Rag-1~/~ (top) and IL-7+* X Rag-1~/~ (bottorn) recipients 10 weeks after transfer. (D) Histologic examination of the colon from IL-7-- %
RAG-1-/- and IL-7+/* X RAG-1~/~ mice transferred with colitogenic BM CD4+ T cells 10 weeks after transfer. Original magnification: upper, 40X;

Rag-1~/~ recipients 10 weeks after transfer. Data are indicated as the mean

+ SEM of 7 mice in each group. *P < .005. (F) BM, LP, and spleen cells were isolated from IL-7*/+ X Rag-1~/~ and IL-7~/~ X Rag-1 -/~ recipients
10 weeks after transfer, and the number of CD3*CD4* cells was determined by flow cytometry. Data are indicated as the mean + SEM of 7 mice

colitis play a critical role as a reservoir for persisting
lifelong colitis in an IL-7-dependent manner.

The present data raise the most important question of
whether the colitogenic BM CD4*CD44bs*CD62L" T

— 364 —




188 NEMOTO ET AL

cells can be defined as Tyy cells rather than effector T
cells in the presence of antigens (Ags), in this case, prob-
ably intestinal bacteria. First, we found that these colito-
genic BM CD4* T cells highly expressed IL-7Ra in accor-
dance with the evidence that IL-7Ra is one of memory,
but not effector, T-cell markers. Second, it is well known
that memory, but not effector, CD4* T cells are critically
controlled by the homeostatic proliferation and the sur-
vival by IL-7.14 Consistent with this, we found that the
BM CD4* T cells were decreased markedly in IL-77/~ X
Rag-17/~ mice transferred with the colitogenic LP or BM
CD4* T cells as compared with IL-7%/* X Rag-17/~
recipients. Further, we showed that IL-77/~ X Rag-1-/~
mice transferred with the colitogenic BM CD4* T cells
did not develop colitis in contrast to IL-7+/* X Rag-17/~
recipients with colitis. Collectively, these data indicate
that the colitogenic BM CD4* T cells in our colitis model
are Tgy cells rather than effector T cells.

I1-7 originally was discovered in the BM stromal
cells.2? However, the role for CD4* T cells in the BM is
largely unknown, especially in pathologic conditions, al-
though it has been recognized recently that a high num-
ber of antigen-specific CD8* memory T cells persist in
the BM for several months after resolution of acute viral
infection.”® Furthermore, recent accumulating evidence
suggests that IL-7 is a critical factor for the survival and
homeostatic proliferation of memory CD4* T cells.!
Thus, we hypothesized that IL-7-producing BM harbors
the colitogenic memory CD4* T cells as a reservoir,
causing persistent lifelong colitis. Consistent with this
hypothesis, we found that IL-7-expressing cells were scat-
tered throughout the BM and most CD4* T cells were in
close contact with the bodies of IL-7-expressing BM cells
in colitic SCID mice induced by the adoptive transfer of
CD4+CD45RBheh T cells (Figure 5). However, the possi-
bility cannot be excluded of a recently described novel
pathway for dendritic cell migration that allows dendritic
cells to collect Ags in peripheral sites and traffic them to
the BM to elicit recall responses by the resident BM T
cells.2? This, however, is unlikely in this case because the
production of IFN-y by anti-CD3/CD28- or CBA-stimu-
lated colitic BM CD4* T cells was significantly lower than
that of anti-CD3/CD28- or CBA-stimulated colitic LP
CD4* T cells (Figures 2 and 3), indicating that the BM
colitogenic T cells in colitic mice might be indicative of a
recent encounter with Ags in the LP, and may migrate
into the BM, which is abundant in IL-7, but not in Ags.

In this article we asked how CD4* memory T cells
accumulate in the BM in mice with chronic colitis. In-
deed, BM stromal cells can support lymphoid precursor
cell differentiation into mature T cells in vitro?® and in
athymic mice in vivo.?® Mature T cells in the BM are
probably immigrants from the blood because T cells
normally are produced in the thymus. However, the
mechanisms by which in vivo-generated memory cell
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subsets are recruited to tissues have been difficult to
study in the case of polyclonal and physiologic systems
rather than the monoclonal T-cell receptor transgenic
system because such studies require unattainable num-
bers of purified cells for in vivo assay. In this study,
however, we were able to circumvent this obstacle by
using the SCID/Rag-2~/~-colitis model induced by the
adoptive transfer of CD4*CD45RBhgh T cells because a
large number of CD4* T cells infiltrated the colonic LP in
this model, and they technically could be isolated in the
order of approximately 1 X 107 cells per mouse. By using
the present adoptive transfer system, we found that
CD4% T cells resided in the BM from Rag-17/~ mice
transferred with colitogenic LP CD4™ T cells at the early
time point of 5 days after transfer (Figure 7). We also
found that the recovered cell number of BM CD4"* T cells
was parallel to that of LP CD4* T cells in mice given
antibiotics without colitis and the control mice with
colitis. These results indicate that colitogenic LP CD4* T
cells exit from the gut, and directly migrate into the BM,
(Supplemental Figure 1, see supplemental material on-
line at www.gastrojournal.org although further studies
will be needed to show direct evidence for this issue.

Although the Ags driving the T-cell immune response in
the experimental system of T-cell-induced IBD have not yet
been identified with certainty, and thus it is impossible to
chase the biological behavior of antigen-specific T cells,
overwhelming evidence supports the idea that the triggering
factor in this experimental system is of bacterial origin.
Furthermore, the present study significantly complements
recent reports that BM harbors Ag-specific memory CD8* T
cells.230-31 A recent report has shown very efficient interac-
tions between T cells and dendritic cells in the BM micro-
environment.*! It may be that the similar environment that
promotes T-cell priming also triggers homeostatic prolifer-
ation and survival of the colitogenic BM Tgy cells by IL-7.
Perhaps, as has been suggested for plasma cells and Ag-
specific CD8* memory T cells, a unique combination of the
cytokine milieu including IL-7 and contact-dependent in-
teractions in the BM supports the colitogenic BM Ty cells.
Furthermore, the possibility that other sites, such as MLN
and spleen, also might play a role as other reservoits for
colitogenic CD4* Tgy cells, as well as the BM in colitic mice,
cannot be excluded. Further studies will be needed to ad-
dress this issue.

In conclusion, our findings show that a proportion of
colitogenic CD4* T cells in colitic mice may leave peripheral
tissues, such as LP and MLN, and gain access to the IL-7-
abundant BM via the bloodstream. By using adoptive trans-
fer protocols, we have shown that these BM CD4* Ty cells
possess the ability to induce colitis, suggesting that the
colitogenic BM CD4* T cells residing in colitic mice play a
critical role as a reservoir for persisting lifelong colitis and
participate in relapses after remissions in IBDs.1”
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Supplementary Data

Supplementary data associated with this article

can be found, in the online version, at doi;10.1053/j.gas-
tro.2006.10.035.
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Reciprocal Targeting of Hath1 and B-Catenin by Wnt Glycogen Synthase

Kinase 38 in Human Colon Cancer

KHCHIRO TSUCHIYA, TETSUYA NAKAMURA, RYUICHI OKAMOTO, TAKANORI KANAI, and MAMORU WATANABE

Department of Gastroenterology and Hepatology, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan

Background & Aims: The transcription factor Hath1
plays a crucial role in the differentiation program of
the human gut epithelium. The present study was
conducted to investigate the molecular mechanism of
Hathl expression and its close association with
B-catenin/glycogen synthase kinase 3 (GSK38) un-
der the Wnt pathway in human colonocytes.
Methods: Tissue distribution of Hathl messenger
RNA in human tissues was examined by Northern
blot. Stability of Hathl protein was analyzed by ex-
pression of FLAG-tagged Hath1 in human cell lines.
Targeting of Hathl protein by GSK3f was deter-
mined by specific inhibition of GSK-38 function. Ex-
pression of Hathl protein in colorectal cancers was
examined by immunohistochemistry. Results: Hath1
messenger RNA expression was confined to the lower
gastrointestinal tract in human adult tissues. In colon
cancer cells, although Hathl messenger RNA was also
detected, Hath1 protein was positively degradated by
proteasome-mediated proteolysis. Surprisingly, the
GSK3B-dependent protein degradation was switched
between Hath1 and B-catenin by Wnt signaling, lead-
ing to the dramatic alteration of cell status between
proliferation and differentiation, respectively, Hathl
protein was detected exclusively in normal colon tissues
but not in cancer tissues, where nuclear-localized -cate-
nin was present. Conclusions: The present study sug-
gests a novel function of the canonical Wnt signaling
in human colon cancer cells, regulating cell prolifer-
ation and differentiation by GSK3f-mediated, recip-
rocal degradation of f-catenin or Hathl, respectively,
which further emphasizes the importance of aberrant
Wnt signaling in colonocyte transformation.,

he gut epithelium undergoes continual renewal

throughout adult life, maintaining the proper archi-
tecture and function of the intestinal crypts. This process
involves highly coordinated regulation of the induction
of cellular differentiation and the cessation of prolifera-
tion, and vice versa.!-3 The intestinal epithelium consists
of cells of 4 lineages: goblet cells, enteroendocrine cells,
Paneth cells, and enterocytes.® Cellular differentiation
into the former 3 lineages is believed to be regulated by a
basic helix-loop-helix transcription factor called “Math1”
in mice and “Hath1” in humans (officially termed as

“ATOH1”). Math1 and Hathl are known to play crucial
roles in differentiation of various cells in other tissues,
such as dorsal interneurons in the spinal cord,’ granule
cells in the cerebellum,® Merkel cells in the skin,” and
inner hair cells in the auditory systems.®

In mice intestine, the Mathl gene promotes the differ-
entiation of epithelial cells to secretory lineage cells with-
out affecting absorptive cell differentiation and is ex-
pressed in Ki-67-positive proliferating cells of the crypt,
indicating a role of Mathl at an early stage of lineage
commitment.® Expression of Mathl seems to be regu-
lated at its transcriptional level, because forced expres-
sion of Notch intracellular domain in murine intestinal
epithelial cells causes a decrease of Mathl messenger
RNA (mRNA) expression and subsequent depletion of
goblet cells in vivo.!® Conversely, depletion of Hesl, an-
other basic helix-loop-helix transcription factor known as
a downstream target of Notch intracellular domain, up-
regulates Mathl mRNA expression in murine intestine.!!
Thus, it is likely that Mathl gene expression is regulated
at the mRNA level by Notch signaling, leading to subse-
quent control of intestinal epithelial cell lineage decision
of the crypt cells. It was recently reported that Hathl, a
human homologue of Mathl, up-regulates gastric mucin
gene expression in gastric cellst?; however, the regulation
of Hathl expression is less understood in human intes-
tine.

The canonical Wnt signaling is another signaling path-
way known to regulate cell differentiation and prolifera-
tion of the intestinal crypt cells.’? It is believed that Wnt
proteins induce inactivation of glycogen synthase kinase
3B (GSK3p), a component of the so-called destruction
complex that also contains adenomatous polyposis coli
(APC) and Axin, and the resultant dephosphorylation
and stabilization of its substrate B-catenin leads to the
transcription of genes targeted by the nuclear B-catenin/

Abbreviations used in this paper: APC, adenomatous polyposis coli;
EGFP, enhanced green fluorescent protein; G3PDH, glyceraldehyde-3-
phosphate dehydrogenase; GSK3p, glycogen synthase kinase 3b;
RIPA, radiocimmunoprecipitation assay; RT-PCR, reverse-transcription
polymerase chain reaction; SDS, sodium dodecy! sulfate; siRNA, small
interfering RNA; TCF, T-cell factor.
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T-cell factor (TCF) complex.!*15 However, in intestinal
cells, it has not been shown whether activation of Wnt
signaling simply inactivates general kinase activity of
GSK3p or could possibly change the substrate specificity
instead of kinase activity, thereby stabilizing the B-cate-
nin protein. Constitutive activation of Wnt signaling is
assumed to be essential for both continuous prolifera-
tion and maintenance of the undifferentiated state in
intestinal stem cells.16:7 Of note, the biological impact of
the Wnt pathway lies in its close association with the
carcinogenesis of colorectal cancer. Mutations that per-
turb the assembly or function of the destruction com-
plex, such as truncation of APC, are present in approxi-
mately more than 90% of colorectal tumors. These
mutations lead to constitutive activation of Wnt signal-
ing, and the downstream genes that are transcriptionally
up-regulated by the B-catenin/TCF complex are impli-
cated in the growth-promoting properties of the tumor
cells.!5.18 However, it has not been well understood how
constitutive Wnt signaling could maintain colorectal
cancer cells at an undifferentiated state.

A previous study reported that inhibition of Wnt sig-
naling in a human colon cancer-derived cell line, HT-29,
up-regulated both Hathl and MUC2 gene mRNA expres-
sion.!? This suggested that Hathl expression may be
suppressed at the mRNA level by the aberrant Wnt sig-
naling, thereby maintaining the undifferentiated state of
colorectal cancer cells. However, in the same study, it was
also suggested that some colorectal cancers did express
Hath1l mRNA at an amount comparable to the neighbor-
ing normal colon tissue but maintained an undifferenti-
ated state at the same time.

These data prompted us to prove that Hathl gene
function is regulated by the aberrant Wnt signaling, not
only by the mRNA level but also by an unknown post-
rranscriptional or posttranslational mechanism in hu-
man colon cancer cells. Here, we present the evidence that
Hath1 protein expression is regulated by Wnt signaling
via GSK3B-mediated protein degradation. Our results
suggest that the reciprocal regulation of Hathl and
B-catenin protein stability is mediated by GSK3p, which
functions as a molecular swicch regulating the prolifera-
tion and differentiation of colon cancer cells in vitro and
in vivo. These results present a novel function of the
Wnt-GSK3B pathway and further emphasize the impor-
tance of aberrant Wnt signaling in colonocyte transfor-
mation.

Materials and Methods

Cell Culture

Human colon cancer-derived SW480, DLD-1, and
HT-29 cells and human embryonic kidney-derived 293T
cells were grown in Dulbecco’s modified Eagle medium

(Life Technologies, Grand Island, NY) supplemented
with 10% fetal bovine serum and 1% penicillin-strepto-
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mycin. In all experiments, 1 X 106 cells were seeded onto
6-cm culture dishes 36 hours before the experiment. All
transfection experiments of DNA constructs and small
interfering RNA (siRNA) oligonucleotides were per-
formed by using TransIT transfection reagent (Mirus,
Madison, WI) according to the manufacturer’s instruc-
tions.

DNA Constructs

pcDNA3-Myc-ubiquitin?® was a kind gift from Dr
K. Tanaka (Tokyo Metropolitan Institute, Tokyo, Japan).
pMX-IRES-GFP?! was a kind gift from Dr T. Kitamura
(University of Tokyo, Tokyo, Japan). Series of expression
vectors encoding mutants for APC genes (pCS2-APC2,
-APC3, and -APC25)?? and a pRLS-Wnt12? were kind gifts
from Dt H Shibuya (Tokyo Medical and Dental Univer-
sity, Tokyo, Japan). Expression plasmids encoding N-
terminally Flag-tagged WT-Hathl (pCMV-Flag-WT-
Hathl) or enhanced green fluorescent protein (EGFP)
(pCMV-Flag-EGFP) were generated by inserting the poly-
merase chain reaction (PCR)-amplified Hathl gene or
EGEP gene, respectively, into the EcoRI/BamHI site of a
pCMV-Flag vector (Stratagene, La Jolla, CA) in frame.
Plasmids for various mutants that lack either the N- or
C-terminal region of Hathl (N1-5, C1, and C2 mutants;
Figure 34) and the mutant 54/58SA-Hathl, in which
both 54S and 58S are substituted to alanines, were con-
structed by PCR-mediated mutagenesis by using pCMV-
Flag-WT-Hathl as a starting material. pMX-Flag-WT-
Hath1-IRES-GFP was generated by inserting a fragment
encoding the N-terminally Flag-tagged Hath1 gene, which
was amplified by PCR using pCMV-Flag-WT-Hath1 as a
template, into the pMX-IRES-GFP vector. A reporter
plasmid E-box Luc was generated by inserting a 77-base
pair oligonucleotide containing 7 repeats of the E-box
(kE sites) (AGGCAGGTGGC) into an Smal site of the
pTA-Luc vector (Clontech, Mounrain View, CA). Reporter
plasmids TOPflash and FOPflash were obtained from
Upstate Biotechnology (Charlottesville, VA). All plasmids
constructed were verified by sequencing,

Immunoblottings and Immunoprecipitations

Cells were transfected with 1 pg of pCMV-Flag
vector (control), pCMV-Flag-EGFP, pCMV-Flag-Hathl,
or various mutants of pCMV-Flag-Hathl. In cotransfec-
tion expetiments, 1 pg of either pcDNA3-Myc-ubiquitin
or one of the expression plasmids for mutant APC (pCS2-
APC2, -APC2S5, or -APC3) or pRLS-Wntl was transfected
along with 1 ug of pCMV-Flag vector (control) or pCMV-
Flag-Hath1. In each cotransfection experiment, the total
amount of DNA was equalized by adding the appropriate
amount of empty expression vector., After 12 hours of
transfection, cells were cultured for 12 hours under the
usual conditions or in the presence of 10 wmol/L lacta-
cystin (Calbiochem, San Diego, CA), 10 umol/L MG132
(Calbiochem), § pmol/L calpain inhibitor (Calbiochem),
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