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assays, particularly for the insertion element 900 (IS900;
highly specific for MAP), allowed the identification and/or
isolation of MAP from tissues in patients with CD.**> IS900 is
one of the insertion elements in MAP,'® was identified in the
clinically isolated bacterial DNAs from human CD. IS900
consists of 1451 bp nucleotides and has a single open reading
frame (ORF1197) encoding, predictive of 399 amino acids.

Even if the existence of MAP in intestinal tissue were
proven, it remains unclear whether this organism is involved in
the development of CD. Although antibodies against MAP in
the serum of patients with CD have also been investigated, the
results have been controversial. This is also true of the bacteria
themselves, probably because of their poor specificity. Therefore,
it is important in the investigation of specific immune response to
use and find the specific antigen.

The aim of this study is to investigate whether MAP is
involved in the pathogenesis of CD using the recombinant
glutathione S-transferase (GST) fusion recombinant protein
encoding portion of IS 900. We investigated the correlation be-
tween antibodies against this GST fusion protein {anti-IS900)
and clinical characteristics including anti-Saccharomyces cer-
evisine (ASCAs; Baker’s yeast) antibodies, which are serologic
markers associated with CD.

MATERIALS AND METHODS

Included in the study were 154 participants. Serum
samples were obtained from 20 patients with CD (n = 50),
ulcerative colitis (UC; n = 40), colonic tuberculosis (TB; n =
20), and non-IBD control (n = 20), in the Department of
Gastroenterology, Kyoto University, and its related hospitals.
The entire experimental design of this study was approved by
the Kyoto University Hospital Ethics Committee. The patients’
profile is shown in Table 1.

TABLE 1. Characteristics of 154 Patients According to
Study Group

Bacterial Strains

DNA extraction

MAP was purchased from Kaketsuken Institute (Ku-
mamoto, Japan) with the permission of the Japanese Asso-
ciation of Animal Bacteriology. The method by which DNA
was isolated from MAP was as follows'*: an aliquot of freeze-
dried culture was resuspended in 1 mlL Tris-EDTA-sodium
dodecyl sulfate buffer (containing 10 mmoVL Tris-HCI, 1
mmol/L. EDTA, 0.5% SDS). The suspension was boiled for 20
minutes. After centrifugation at 17,000g for S minutes, the
supernatant was subjected to 2 cycles of phenol-chloroform
extraction. DNA was then recovered by ethanol precipitation
with 3 mol/L sodium acetate for 1 hour at —80°C, pelleted by
centrifugation at 14,500g for 30 min, washed in 70% ethanol,
dried, and resuspended in 40 pL of TE-RNase buffer (10
mmol/L. Tris-Tris-HCl, 1 mmoVL EDTA, and 2.5 pg/mL
RNase).

Polymerase chain reaction

Oligonucleotide polymerase chain reaction (PCR)
primers A (5'-CGCGGATCCGAGTTGATTGCGGCGGT-
GACGAC) and B (5'-CGGAATCCGCGAGGACGGCTT-
GGGTGTGG) region of MAP were selected. This amplified
DNA contains the sequence of IS900 derived from the MAP
genome, which yielded a 990-bp product.

Construction of plasmids

A 990-bp PCR amplified DNA sample was inserted into
the pGEX-4T-2 vector, which can maintain the GST reading
frame. Then, competent Escherichia coli cells (JM109) were
transformed by the ligation reaction and a fusion protein was
expressed by adding 0.1 mmol/L isopropy! B-p-thiogalacto-
side. A fusion protein was purified from the bacterial lysates
by affinity chromatography using glutathione-Sepharose 4B,
and eluted in glutathione elution buffer containing 10 mmol/L
reduced glutathione in 50 mmol/L Tris/HCI (pH 8.0). Expression
of the fusion protein was screened by both sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Enzyme-linked immunosorbent assay

Microtiter plates (Nunc-Immuno™ Module, F8/MAXI
SORP Nunc A/S, Roskilde, Denmark) were coated with
IS900-GST or control GST (1 pg/well in 50 wL of phosphate-
buffered saline [PBS]) for 24 hours at 4°C and were rinsed
3 times with a washing solution (0.05% Tween 20 in PBS).
Plates were then incubated for 1 hour at room temperature with
5% dried skim milk in PBS to block nonspecific sites. Human
sera were tested in duplicates at varying dilutions for 2 hours at
37°C and unbound serum components were removed by
awashing step. The bound antibodies then specifically reacted
for 1 hour with 1:1000 dilution of peroxidase-conjugated
goat antibody reactive with human immunoglobulin G (IgG)
or IgA (Caltag, Burlingame, Calif) was added and the mixture
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Characteristics CD UcC TB Control

N 50 40 20 44
Mean age 357 308 5510 407
Sex (M/F) 27/23  23/17 15/5 24/20
CDAI

Mean range 212

Range 22-320
Involvement site

Small bowel 13

Small and large bowel 22 3

Large bowel 15 20 17
Corticosteroids 10 10
Immunosuppressants 14 10

Data expressed as mean + SE.
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was incubated for 1 hour at 37°C. After washing 3 times with
PBS containing 0.02% Tween 80, bound reactants were
developed with 100 L of 0.06 mg/mL tetramethylbenzidine
in 0.05 mmoV/L citrate buffer with 0.03% hydrogen peroxide at
room temperature for 20 minutes. The reaction was then
stopped by the addition of 100 pL of 10% H,SO,. The
absorbance was determined at 450 nm (A450). Optical density
(OD) values of nonspecific binding sera to GST alone were
subtracted from raw values of IS900-GST binding to obtain
specific absorbance.

ASCAs

Serum levels of ASCA were quantitated using a com-
mercial ELISA kit (Medipan Diagnostica, Selchow, Ger-
many). Diluted patient and control samples were reacted with
mannan immeobilized on the solid phase of a microtiter plate.
Serum was diluted in a ratio of 1:50 and added to the microtiter
plates. After an incubation period of 60 minutes at 37°C,
unbound serum components were removed by a washing step.
The bound antibodies then specifically reacted with anti-human
1gG or IgA antibodies conjugated to horseradish peroxidase.
An incubation period of 30 minutes at 37°C was followed by
a washing step. The enzyme reaction was stopped by dispens-
ing an acidic solution (H,SOy,) into the wells after 10 minutes
at room temperature, turning the solution from blue to yellow.
Plates were read at 450 nm. To each microtiter plate, 1 ASCA-
positive and 1 ASCA-negative control and 1 cutoff control
(20 U/mL) were added, calculated from ROC curves. Qualitative
evaluation of the results was assessed by calculating the
binding index = OD (sample)/OD (cutoff control). ASCA IgG
and IgA were considered positive at binding index >1.0.

Statistical Analysis

The data obtained from the ELISA were expressed as
mean * SE. Analysis of variance was used for comparison of
antibodies against 1S900-GST between groups. Pearson’s
correlation coefficient analysis was used to examine the
relationship between ASCA and antibodies against 1S900-
GST, a Crohn’s Disease Activity Index (CDAI) score, and
antibodies against IS900-GST. x* tests were used to compare
categorical variables between groups. A 2-tailed P value of
<<0.05 was used to indicate statistical significance.

RESULTS

Expression of a Fusion Protein of the Positive
Clone With the GST Gene Fusion System

A recombinant GST fusion protein, IS900 peptide, con-
taining 330 amino acids was constructed. SDS-PAGE showed
a single purified band of 60 kDa consisting of a fusion 1S900
protein of GST (Fig. 1). Before performing ELISA, amino acid
sequence of fusion IS900-GST was analyzed and confirmed to
be the same as the predicted sequence (data not shown).
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Antibodies to the 1S900 Recombinant Protein

A recombinant fusion IS900-GST was incorporated into
an ELISA analysis of patient sera. The mean OD values of
both IgG and IgA antibodies against IS900 (anti-IS900) in
patients with CD (0.697 = 0.355 and 0.354 = 0.170, respec-
tively) were significantly higher than those with UC (0.342 *
0.116 and 0.200 = 0.078, respectively), TB (0.395 + 0.171
and 0.239 % 0.120, respectively), or controls (0.371 0.086
and 0.249 = 0.065, respectively). These values were subtracted
from values to control GST for obtaining the graphed values.
In the present study, positive results of IgG and IgA anti-S900
were arbitrarily defined as absorbance values higher than 0.543
and 0.379, respectively, which correspond to a value that is the
mean + 2 SD of normal control values. Positive results of IgG
and IgA anti-IS900 were obtained in 24 of 50 (48%) and 22 of
50 (44%) patients with CD. Also, positive results of IgG (4/20,
20%) and IgA (4/20, 20%) anti-IS900 were obtained in
patients with TB. No positive results were obtained in patients
with UC and normal controls (Fig. 2, A and B).

Correlation Between Serum Levels of
Anti-iS900 and Disease Activity

‘We determined whether the serum levels of anti -IS900
were involved with disease activity. As shown in Figure 3A

Purified positive
clone

' Maker

80kDa

49kDa

FIGURE 1. SDS/PAGE of the positive clone expressed as a fusion
protein with GST.
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and B, no significant correlation was observed between CDAI
and the IgG and IgA anti-IS900s in patients with CD.

Relationship Between Serum Levels of
Anti-1S900 and Clinical Features in
CD Patients

We investigated whether a clinical phenotype was
associated with the serum levels of anti-IS900. As shown in
Figure 4, the serum levels of IgG and IgA anti-IS900 in CD
patients with small intestinal involvement (0.75 * 0.381 and
0.383 =+ 0.175, respectively) tended to be higher than in
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FIGURE 2. Scatterplots showing IgG (A) and IgA (B) against
1S900-GST values as determined by ELISA in patients with CD
vs those with UC, colonic TB, and normal controls. 1S900-GST
ELISA wells were reacted with human sera at 1:50 dilution and
detected with antihuman IgG and IgA antibodies. Dotted line
indicates a cutoff value (cutoff value = mean = 2 SD for the
normal group).
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FIGURE 3. Correlation between antibody responses against
1S900-GST protein and CDALl in the (A) CD IgG against 1S900-
GST protein and (B) CDAI (R* = 0.001, P = 0.8342) lgA against
1S900-GST protein and CDAI (R? = 0.003, P = 0.7893). There
was no significant correlation between the seroactivity against
GST-IS 900 and against CDAL

patients with CD limited to the colon (0.574 = 0.2560, 286 =
0.140, respectively), although there was no significant differ-
ence among these groups. On disease behavior, serum levels of
anti-IS900 in patients with penetrating- and stricture-type CD
are significantly higher than those with the inflammatory type
(Fig. 5). Also, a negative correlation was found between serum
levels of IgG anti-IS900 and disease duration (Fig. 6). Further-
more, serum levels of IgG anti-IS900 were not associated with
the use of immunosuppressants, nor were they associated with
surgical treatment (Fig. 7).
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FIGURE 4. Association between IgG or IgA against 15900 and
disease sites. Both IgG and IgA against 1S900 tended to be
higher in CD patients involved with small bowel than those
with large bowel involvement.

Correlation Between ASCA and Antibodies to
1S900-GST

Figure 8 shows that no significant correlation was
observed between the serum levels of IgG anti-IS900 and
ASCA in CD patients.
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FIGURE 5. Phenotypic association with 1gG or IgA against
15900. Both IgG and IgA against 1S900 were significantly higher
in patients with penetrating- or stricture-type CD than those
with inflammatory-type CD.
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FIGURE 6. Negative correlation was observed between IgG
against 1S900-GST and disease duration (Y = 1.459-0.084X,
R? = 0.285, P < 0.0001).
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DISCUSSION

CD is a chronic IBD characterized by transmural
inflammation and granuloma formation. Several bacteria have
been proposed in the eticlogy of CD. Among them, infection
with MAP, which causes a stmilar disease in animals and is
present in the human food chain, has been focused on because
of more frequent identification of MAP by both PCR and in
situ hybridization in the intestinal tissue of patients with CD
compared with that of healthy people.’*™*° In particular, the
discovery of IS900, which is a specific site for MAP, has
enabled the differentiation of MAP from other mycobacteria.
However, the identification of IS300 PCR products in tissues
from healthy controls, even with a small prevalence rate, sug-
gests that infectivity of this organism in human is extremely
rare. Therefore, the pathogenic roles of MAP infection in CD
have been controversial?*?!

Serologic tests in patients with CD are essential for
detecting the presence of abnormal antibodies against self or
nonself proteins, because these are not present in healthy
people and their presence reflects subclinical immune
dysregulation. Mycobacteria usually cross-react with one
another or other acid-fast organisms. Moreover, patients with
CD have been reported to demonstrate various antibodies
against intestinal bacterial and food antigens.””>* Therefore,
demonstration of more specific immune responses against
MAP could help clarify the involvement of this organism in
the pathophysiology of CD. Recently, by analysis with
a genomic library constructed using MAP chromosomal
DNA in an expression vector, 2 pufative clones encoding
MAP-specific antigens 35K (p35) and 36K (p36) were
identified and their seroactivity in patients with CD was
evaluated by immunoblotting. The results showed that 77% of
61 sera in patients with CD reacted with both antigens
compared with 8% of 12 sera in those with UC; 0 of 35 sera
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FIGURE 7. The association between clinical features and 1gG
against 1S900. A, History of surgical treatment. B, Use of immu-
nosuppressant. The serum level of IgG against IS900 was not
associated with history of surgery or immunosuppressant use.

from normal controls reacted.”” Sunenaga et al reported that
patients with CD have a higher titer of antibodies against the
protoplasmic antigen of MAP than that in patients with UC
and control patients using a comunercial ELISA kit for the
serological diagnosis of Johne’s disease in cattle (Johnelisa
Kit, Kyoritsu Seiyaku Co., Tokyo, Japan).?® There are several
reports showing the negative correlation between MAP and
CD in the serum levels of antibodies against MAP antigen.
Brunello et al reported no significant difference of positive
values of IgG antibodies against MAP protoplasmic antigen
between patients with CD (3.7%) and those with UC (5%).”’
Walmsley et al reported no statistical elevation of IgG or IgA
antibodies against 18 kDa protease-resistant antigen corre-
sponding to MAP bacterioferritin of patients with CD over
normal controls.”® Bemnstein et al also reported that there was
no difference in MAP seropositivity rate by ELISA among CD
patients (37.8%), UC patients (34.7%), and healthy control
(33.6%).2° Thus, regarding seropositivity against MAP, the
possibility of an association between MAP and CD remains

© 2005 Lippincott Williams & Wilkins

4.5 1

ASCAIRG

8 1 12 14 16
1S900 IgG

FIGURE 8. Levels of IgG against 1S900-GST is independent of
ASCA (Y = 1.161 + 0.054X; R*> = 0.001).

inconclusive. In the present study, we investigated anti-MAP
antibodies using more specific antigens encoding IS900. Our
results revealed that the serum level of IgG and IgA anti-IS900
in patients with CD was significantly higher than those in
patients with UC, colonic TB, and normal controls. These
results suggest that this organism could be involved in the
pathophysiology of CD as well as previous reports. Moreover,
the positive results of serum levels of anti-IS900 in patients
with colonic TB tend to be higher than normal controls. It was
reported that the serum IgG level in CD patients was raised in
response not only to MAP but also to other mycobacteria
strains. This may mean a high degree of mimicry between
MAP and other mycobacteria strains in their antigenic
determinants. However, in this study, there should be little
possibility that higher positive results of anti-IS900 in patients
with colonic TB is caused by antigenic mimicry because IS300
sequence is considered the gold standard in differentiating
other types of mycobacteria. Therefore, the reason for this
finding is unclear at present. In this regard, we should examine
greater number of patients with colonic TB to confirm these
results and investigate the reason for the higher tendency of
serum levels of anti-IS900 in patients with colonic TB.

We investigated the relationship between the disease site
and the serum levels of anti-IS300. CD patients with small
intestinal involvement have higher levels of IgG and IgA anti-
1S900 compared with those limited to the colon. In the
previous serological study with ASCA, CD patients with small
intestinal involvement (including both small and large bowel
involvement) tended to have higher IgG and IgA ASCA
compared with those limited to the colon.*® In general, CD
patients have more enhanced mucosal permeability and
abnormal epithelial barrier function.'”' In addition, when
CD patients have small intestinal lesions, including short
bowel syndrome, stenosis, intestinal permeability, and barrier
function worsen compared with patients who have colonic
lesions alone because of a loss of protein and an inability to
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absorb, following malnutrition. This means that in CD patients
with small intestinal involvement, various bacteria easily both
invade the alimentary tract and encounter immune-regulating
cells such as dendritic cells, macrophages, and lymphocytes.
These conditions may elicit unusual immune responses, which
result in the induction of higher levels of antibodies against
specific pathogens. In this study, no significant association
between the serum level of anti-IS900 and disease activity was
observed, whereas the serum level of anti-IS900 in patients
with inflammatory-type CD is significantly lower than that in
patients with penetrating- and stricture-type CD. These find-
ings suggest that MAP may not always elicit strong immune
responses in the human intestine even if it is infected, but
chronic MAP infection interferes with the intestinal immune
system, which affect the development of disease behavior such
as penetrating or stricture type.

Furthermore, negative correlation was found between
anti-IS900 and disease duration. Similar findings have been
already reported. Kreuzpainterner et al speculated on such a
decline in antimycobacterial antibodies after surgery concur-
rent with a reduced activity of disease.®* Olsen et al also
discussed lower antibody levels in CD patients with long-term
disease caused by lower disease activity™; however, our
present results reveal that there i1s no correlation between
serum levels of anti-IS900 and CDAI, and serum levels of IgG
anti-IS900 were not associated with a history of surgical treat-
ment and the current use of immunosuppressants. Therefore,
the reason for the negative correlation between anti-IS900 and
disease duration is still unclear. One possible explanation is
that MAP may also be eliminated naturally along with other
intestinal bacteria after it infected an already-diseased intes-
tinal tract, although it is still unclear how long elimination may
take because of its slow growth.

The results of this study also revealed no correlation
between ASCA and antibodies against 1S900-GST, which
suggests that the antigenic property of MAP is different from §
cerevisiae and may be involved in the pathophysiology of CD.

Recently, it was reported that the insertion mutation in
the NOD2 gene has been associated with CD.****NOD2,
a gene that encodes a protein with homology to plant disease—
resistance gene product, is located in the peak region of
linkage on chromosome 16, which is restricted to monocytes
and activates NF-kB. The leucine-rich repeats (LRRs) domain
of NOD2 has binding activity for bacterial lipopolysaccharides
and its deletion stimulates the NF-«kB pathway.>® The reason
why a mutation of LRRs in NOD2 may develop CD is
considered to be altering intracellular recognition of microbial
components, although it remains controversial whether its
mutation activates NF-kB. Mycobacterium species bind to
both Toll-like receptors 2 and 4.*” Particularly, Toll-like
receptor 4, a member of a family of NF-kB activators, is
known to bind lipopolysaccharides through its LRR domain.*®
If MAP is involved in the development of CD, mutation of
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LRRs in NOD2 may induce susceptibility to MAP with
changes in the intracellular recognition of mycobacterial
components, followed by noncaseous granuloma, which was
thought to be involved in IS900 PCR products in macrophages
in patients with CD.'® Moreover, several reports of anti-
mycobacterial therapy showed the effect on patients with CD,
which may support the involvement of MAP in the patho-
physiology of CD.***! Considering that common variants in
NOD?2 were not found in Japanese CD patients,*® alternative
signal transduction may be involved in the pathophysiology of
Japanese CD patients.

It was reported that patients with CD express antibody
responses to several bacterial species, which represent mucosal
disruption and intensified microbial exposure, leading to a
diversely targeted antimicrobial immune response.?>>* There-
fore, the seroactivity against IS900 may represent the results of
secondary microbial exposure. Judging from the pathogenesis
of CD associated with abnormal responsiveness to microbial
components,**** however, we consider that chronic intracellular
mfection by bacteria including MAP may trigger a Tyy1-driven
immune response that results in the clinical, histological
manifestation of CD. In addition, Naser et al reported viable
MAP in peripheral blood in a higher population of patients with
CD than in controls.*® These data also support the notion that
MAP could invade intestinal mucosa with a generalized defect
of barrier function in patients with CD.

In conclusion, our study demonstrated high titer against
18900 in patients with CD compared with those with UC,
colonic TB, and normal controls. These results may support
the theory that mycobacteria are the cause of CD.
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Bone Marrow Retaining Colitogenic CD4+ T Cells May Be a Pathogenic

Reservoir for Chronic Colitis
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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. ethods: We isolated
BM CD4* T cells obtained from colitic severe com-
bined immunodeficient mice induced by the adoptive
transfer of CD4+tCD45RBhsh 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. Resulis: A high
number of CD4* T cells reside in the BM of colitic
severe combined immunodeficient mice and diseased
1L-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; CD44MehCD62L1L-
7RMgh) phenotype and preferentially are attached to
IL-7-producing BM cells. Furthermore, the accumu-
lation of BM CD4+ Tgy 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.

It 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 recepror af3* cells constiture
approximately 3%-8% of nucleated BM cells.}» BM CD4"
and CD8* T-cell populations contain a high proportion
of cells displaying a memory phenotype, that is, express-

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

As early 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 attracted increasing
interest because it has been recognized that these T cells
contribute considerably to the long-lived memory T-cell
pool.78 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 infecrion.? 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 marure
naive/memory T cells, there is no evidence for the role of
BM memory CD4" cells in chronic immune diseases,
such as inflammartory bowel diseases (ulcerative colitis
and Crohn’s disease) and autoimmune diseases. Crohn’s
disease is characterized by chronic inflammartion of the
small and large 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-linked immunosorbent assay; FITC, fluorescein isothiocyanate;
IFN, interferon; IL, interleukin; LP, lamina propria; mAb, monoclonal
antibody; MLN, mesenteric lymph node; PE, phycoerythrin; SCID, se-
vere combined immunodeficient; Th4, 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.!® 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 intetleukin (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.’¥ In vitro stimulation of
these colitic lamina propria (LP) CD4¥IL-7RM&! T cells by
IL-7, but not IL-15 and thymic stromal lymphopoietin,
enhanced significant proliferative responses and survival
of colitic CD4* T cells.!¢ 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*CD45RBheh 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-2-/
mice were provided by Central Laboratories for Experi-
mental Animals (Kawasaki, Japan). C57BL/6 Rag-17/~
mice and IL-77/~ mice were kindly provided by Dr.
Zamoyska (National Institute for Medical Research, Lon-
don, UK).77 IL-77/~ 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
condirions in the Animal Care Facility of the Tokyo
Medical and Dental University. The Insticutional 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: Fcy (CD16/CD32)-blocking mAb (2.4G2), phy-
coerythrin (PE)-, peridinin chlorophyll protein, and phy-
coerythrin-phycoerythrin-  §’-  disulfonatoindodicarbo-
cyanine corjugated 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 ouf3;
(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.!8

Induction of Colitis

Colitis was induced in SCID/Rag-2~/~ mice by the
adoptive transfer of CD4*CD45RBhMgh T cells as de-
scribed.’® Colitic mice were killed at 6-8 weeks after
transfer, and CD47 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 uL of
culture medium at 37°C in a humidified atmosphere
containing 5% CO, in 96-well plates (Costar, Cambridge,
MA) precoated with 5§ pg/mL hamster anti-mouse CD3e
mAb (145-2C11; BD PharMingen) and 2 pg/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 pg/mL), 1 mL of this bacterial
suspension was added to 1 mL of glass beads.'® The cells
were disrupred at 5000 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 minuctes.
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. Afrer 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*CD45RBhsh T-cell-transferred
SCID mice were 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*CD4SRB¢" 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 pg/mL) and RNase (200 pg/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
wm) 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 adoprive
transfer of CD4*CD45RBheh T cells to induce colitis, CD4*
T cells (1 X 10° 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 C57BL/6 mice (1 X 105 cells/mouse) were
injected into CS7BL/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 (Tew)
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/L; 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 al.2¢ 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.!8

Adoptive Transfer Experiments Into IL-77/~

X Rag-1"/~ Mice

To assess the role of IL-7 in the maintenance of BM
CDA4* T cells, we further transferred LP CD4" T cells (2 X
108 cells/mouse) isolated from colitic CD4*CD45RBhigk 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-CD3¢ mAbs and FITC-conjugated
rat anti-CD69 mAbs or isotype FITC-conjugated control
antibody. Before staining for intracellular Bcl-2, cells (2 X
106) were stained with PE-conjugated rat anti-CD3 mAbs as
described earlier. 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*CD4SRBVsh T cells were labeled
with carboxyfluoroscein succinimidyl ester (CFSE) (Molec-
ular Probes) by incubating at 5 wmol/L in PBS, quenching
with fetal calf serum, and washing with PBS 3 times. Cells
were resuspended in PBS, and 3 X 10° total cells were
transferred by intravenous injection into IL-7*/* X Rag-
17/~ and IL-77/~ X Rag-17/~ mice. In another set of exper-
iments, we transferred with colitogenic BM CD4™ T cells
from colitic CD4+CD45RBMe T-cell-transferred Rag-2~/~
mice into IL-7*/* X Rag-17/7 and IL-7°/~ 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.

Resulis

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 BM CD4™* T celis are CD44M"9"CDB2L " IL-7Rae". Expression of CD44, CD62L, 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+CD45RBM" 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 7 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 controt Ig-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*CD45RBMg" T cells into
recipient CB-17 SCID mice and with those of age-
matched normal BALB/c mice. CD37CD4* 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 105 and LP, 4.17 = 1.2
X 10%). As shown in Figure 1, the BM CD4" T cells, as
well as MLN and LP CD47 T cells, from the colitic mice,
exclusively have a phenotype of CD44%gh"CD62L" cells.
Furthermore, these colitic BM CD4" T cells expressed
IL-7Re 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, CD44behCD62L* central-memory T cells, and
CD44highCD62L™ Ty cells (Figure 1). CDG69, 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 a4B7, 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
a4p7-expressing CD4% memory T cells, which are in-
structed to express the molecule in MLN or Peyer’s patch-
es,2'22 migrate to the BM.

Colitic BM CD4" Memory T Cells Produce a
Large Amount of Thl 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-vy, 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-vy 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 wg/mlL) 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 coliric LP
CD4" T cells as we have shown previously.!8

IL-7—-EJ;’pressing 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 celis were stimutated 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*CD45RB"a" T cells. Supernatants collected on day 3 of culture were assayed for IFN-y by ELISA. Data are indicated as the mean = SD 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*  [L-7 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+*CD45RB"" T cells (leff) and untreated IL-7~/~ X Rag-1~/~ control mice (ight) were stained with corresponding monocional antibodies. The
IL-7-expressing cells {green) are scattered uniformly throughout the BM CD4* T cells (red). CD4* T cells lie close to IL-7—expressing stromal celis.
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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*CD44MhCD62L.~ 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 setring
because normal BM contains all subsets, such as naive,
central memory, and Tgy CD4"% T cells, yet in contrast
colitic BM CD4" T cells are constituted of Ty cells
exclusively (Figure 1), we next compared colitic BM and
LP CD4*CD44highCD62L" Try cells with the paired nor-
mal Tpy cells. As shown in Figure 5C, DNA synthesis in
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colitic BM and LP CD4*CD44highCDE2L™ Try 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 Inte SCID Mice
Reproduce Thl-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* Ty cells
obtained from CD4*"CD45RBMeh-transferred SCID mice
and normal BM CD4* T cells into new SCID mice (Fig-
ure 64). 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 CD4* 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 CD37CD4" T cells. Few
CD3*7CD4* 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 10°), 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
CDA4" T cells, we retransferred CFSE-labeled LP CD4* T
cells obtained from CD4*CD45RBhigh T-cell-transferred
coliric mice into IL-7*/* X Rag-17/~ and IL-7"/~ X Rag-
17/~ mice (Figure 7A). Rapid proliferation of donor co-
litic LP CD4% T cells was observed in the BM from
IL-77/7 X Rag-1"/" mice 5 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-17/7 2.3 * 1.9 X 105
IL-7+/* X Rag-17/~ mice, 45 = 19 X 10% spleen: IL-77/~
X Rag-17/7 3.8 = .1 X 105 IL-7*/* X Rag-1"/~ 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-7.1* As expected, the BM
CD4* T cells in IL-77/~ X Rag-17/~ mice expressed lower
levels of Bcl-2 than those in IL-77/* 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-1~/~ mice (Figure 7E).

Finally, we asked whether adoptive transfer of colito-
genic BM CD4" T cells into IL-77/~ X Rag-17/7 ‘or
IL-7+/* X Rag-1~/~ mice induces colitis and results in the
retention of BM CD4* T cells (Figure 8A). 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-1~/~ 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-
77/~ 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-17/~ 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%/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-77/~ X Rag-17/7, recipients {Figure 8E). The rotal cell
numbers of isolated BM, MLN, and LP CD3*CD4* T
cells from IL-77/~ X Rag-17/7 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 Transferved With
CD4"CD45RB"8? and Administered With
Broad-Spectrum Antibiotics Did Not Develop
Colitis, but Retained CD4" Tgy in BM

It generally is accepted that colitis-inducing
CD4*CD45RBNe! T cells recognize bacterial and/or self-
anrigens 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*CD45RBMeh T-cell-transfer
model.25 We therefore assessed whether SCID mice trans-
ferred with CD4+*CD45RBMgh T cells and treated 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+*CD45RBhigh 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 adminiscration 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+*CD45RBhsh T cells and
given drinking water without antibiotics was 11.0 = 0.7
X 10° per mouse in BM, 52 = 20 X 10% in MLN, and 240
+ 40 X 10° in LP (supplemental Figure 1E). In con-
trast, the cell number in mice rtransferred with
CD4+"CD45RBhgh T cells and treated with antibiotics was
decreased significantly compared with mice transferred
with CD4*CD45RBYe! T cells and given the antibiotics
(BM, 2.2 £ 1.8 X 10° per mouse; spleen, 11 = 11 X 105
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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 Thi-

Mediated Colitis

We finally addressed whether latent 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-10~/~ mice2¢ (supplemen-
tal Figure 2A; 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
C57BL/6 mice, and analyzed the expression of CD44 and
CD62L on CD4* T cells by flow cyromerry. Similar to the
BM CD4" T cells in colitic mice induced by the adoptive
transfer of CD4*CD45RBhgh CD4*CD444ehCD62L~
Tpu cells preferentially resided in the BM of colitic IL-
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-107/~ 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-
transferred 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
thar the colitic IL-10~/~ BM CD4* T cells have potent
cohtogemc CD4* T cells to reproduce Thi- medlated co-
litis in normal recipient SCID mice.

Discussion

In the present study, we showed that
CD4*CD44bighCD62L"IL-7Rabigh Ty, cells, bur not cen-
tral-memory T cells and naive T cells, preferentially reside
in the BM obrained from Thl-mediated colitic SCID/
Rag-27/~ mice induced by the adoptive transfer of
CD4*CD435RBhe" T cells. Importantly, these resident BM
CD4* Ty 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* Tgy cells using IL-77/~ X Rag-1"/~ and the control
IL-7+/* X Rag-17/~ mice. Furthermore, the accumulation

Figure 6. SCID mice transferred with the BM CD4* T celis obtained from CD4+CD45RBMa" T-cell-transferred colitis develop chronic colitis. (A)
CB-17 SCID mice were injected intraperitoneally with normal spienic CD4*CD45RBMh T cells. Six weeks after transfer mice developed chronic
colitis, and CD4* T cells were isolated from each organ. Doses of 2 X 105 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. (B) 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 = SEM of 7 mice in each group. *P < .05. (H) Cytokine production by LP CD4* T cells. IFN-y and
tumor necrosis factor-a concentrations in culture supernatants were measured by ELISA. Data are indicated as the mean =+ SD of 6 mice in each
group. *P < .05,
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Figure 7. IL-7 is essential for the survival and in part for the cell turnover of colitogenic BM CD4+ T cells. {A) C57BL/6 Rag-2" mice were injected
intraperitoneally with normal splenic CD4*CD45RBM" T cells. Six weeks after transfer, the LP CD4* T cells were isolated. Colitogenic LP CD4* T
cells were labeled with CFSE and adoptively transferred into new IL-77/* X Ragl~/~ or IL.-7~/~ X Rag1~/~ mice. Five days after transfer, CFSE
incorporation was determined by flow cytometry. Histograms are gated on CD3* T cells. {C) The BM and spleen (sp) CD4* T cells were isolated from
[L-7+/+ x Rag1~/~ or IL-7~/~ X Rag1~/~ mice injected with the colitic LP CD4* T cells 5 days after transfer, and the numbper of CD4* cells was
determined by flow cytometry. Data are indicated as the mean = SEM of 7 mice in each group. *P < .05. (D) Representative flow-cytometric
histograms showing the expression of Bcl-2 in BM CD4* T cells from IL-7+/* X Rag1~/~ or IL.-7~/~ X Rag1~/~ mice injected with the colitogenic LP
CD4* T cells 5 days after transfer from 3 independent similar experiments. (E) Representative flow-cytometric histograms showing the expression of
CD69 on BM CD4* T cells from IL-7+/* X Rag1~/~ orIL-7"/~ X Rag1~/~ mice injected with the colitogenic LP CD4* T celis 5 days after transfer from
3 independent similar experiments.
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Figure 8. IL-7~/~ X Rag-1~/~ mice transferred with colitogenic BM CD4*CD44Ma"CDE2L~ Tewm cells did not develop colitis. (A) IL-7+* X Rag-1-/~
(n = 5) and IL-77/~ X Rag-1 -/I- (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 IL-7 /-
X Rag-1~/" {top) and IL-7++ X Rag-1~/~ (bottom) recipients 10 weeks after transfer. (D) Histologic examination of the colon from L-7-7- x
RAG-1-/~ and IL-7*+/+ % RAG-1~/~ mice transferred with colitogenic BM CD4* T celis 10 weeks after transfer. Original magnification: upper, 40X;
lower, 100X. (E) Histologic scoring of IL-7+/* X Rag-1~/~ andIL-7~/~ X 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
in each group. *P < .0005.

of BM CD4* T cells was decreased significantly in IL-7-  colitis play a critical role as a reservoir for persisting
deficient recipients reconstituted with the colitogenic LP lifelong colitis in an IL-7- dependent manner.
CD4* Ty cells. Collectively, these findings suggest that The present data raise the most imporrant question of

the BM CD4* Tgy cells residing in mice with chronic ~ whether the colitogenic BM CD4*CD44Me"CD62L" T
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cells can be defined as Tgy cells rather than effector T
cells in the presence of antigens (Ags), in this case, prob-
ably intestinal bacteria. First, we found chat 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.* 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 chat IL-77/~ X Rag-17/~
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 indicarte
that the colitogenic BM CD4" T cells in our colitis model
are Tgy cells racher than effector T cells.

IL-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*CD45RBNe! T cells (Figure 5). However, the possi-
bility cannot be excluded of a recently described novel
pathway for dendriric 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.?” 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-generared 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-27/"-colitis model induced by the
adoptive transfer of CD4*CD4SRB"e" 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 thar 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 resulcs indicare 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 Tgy cells.
Furthermore, the possibility that other sites, such as MLN
and spleen, also might play a role as other reservoirs 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 ro induce colitis, suggesting that the
colicogenic 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.!”
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