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Ameliorating Effect of Anti-inducible Costimulator Monoclonal
Antibody in a Murine Model of Chronic Colitis

TERUJI TOTSUKA,* TAKANORI KANAL* RYOICHI IIYAMA,* KOJI URAUSHIHARA,*
MOTOMI YAMAZAKI,* RYUICHI OKAMOTO,* TOSHIFUMI HIBI,T KATSUNARI TEZUKA,S
MIYUKI AZUMA,I HISAYA AKIBA,T HIDEO YAGITA,T KO OKUMURA,T and MAMORU WATANABE*

Departments of *Gastroenterology and Hepatology and IMolecular Immunology, Graduate School, Tokyo Medical and Dental University,
Tokyo; tDepartment of Medicine, School of Medicine, Keio University, Tokyo; 3Pharmaceutical Frontier Research Laboratories, JT inc.,
Yokohama; and ¥Department of Immunology, Juntendo University School of Medicine, Tokyo, Japan

Background & Aims: Inducible costimulator (ICOS)/
B7RP-1 represenis a newly described receptor/ligand
pair involved in costimulation of T cells by antigen-
presenting cells. We investigated the involvement of the
ICOS/B7RP-1 interaction in the pathogenesis of colitis
and the therapeutic potential of anti-lCOS monoclonal
antibody (mAb) in experimental colitis. Methods: We
administered anti-ICOS or anti-B7RP-1 mAb to mice
with experimental colitis induced by transfer of
CD4+CD45RBMeN T cells from normal mice into SCID
mice. The ability of CD4+*CD45RB"e" cells derived from
ICOS—/~ mice to induce colitis was assessed. Th2 cy-
tokine production and apoptosis in infiltrating T cells
was examined after administration of anti-ICOS mAb.
Results: 1ICOS was strongly induced on CD4* T cells, and
B7RP-1 was expressed by macrophages in the inflamed
mucosa of colitic mice. Anti-ICOS mAb, but not anti-
B7RP-1, ameliorated chronic colitis when administered
in prevention or therapeutic protocols. Transfer of
CD4+CDA5RBMEN T cells from ICOS—/— mice induced
colitis. Treatment with anti-ICOS mAb did not enhance
the production of Th2 cytokines, but a single dose of
anti-lICOS mAb induced massive apoptosis of infiltrating
ICOS-expressing T cells. Conclusions: 1ICOS/B7RP-1 in-
teractions are not required for the development of coli-
tis. However, treatment with anti-iICOS mAb can prevent
and reverse intestinal inflammation by inducing apopto-
sis of 1ICOS-expressing T lymphocytes.

rohn’s disease (CD) and ulcerative colitis are 2 major

forms of human inflammatory bowel disease. The
cause of these diseases is unknown, but increasing evi-
dence indicates that immune mechanisms play an im-
portant role.":2 These diseases ate characterized by leu-
kocytic infilerates in inflamed intestinal mucosa,
especially by activated T cells and macrophages, and the
production of proinflammatory cytokines by lamina pro-
pria (LP) T cells and macrophages/dendritic cells. In

general, CD is characterized by Thl cytokines (interleu-
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kin {IL}-12, interferon {IFN1-7y, tumor nectosis factor o),
whereas ulcerative colitis is chatacterized by Th2 cyto-
kines (IL-4, IL-5).34 Recently, various animal models of
chronic intestinal inflammation have been established,
which are useful to obtain new insights into the patho-
genesis of inflammatory bowel disease. These include rats
carrying transgenes of HLA-B27 and [3,-microglobulin,’
mice carrying IL-7 transgenes,® and mice in which
the genes for IL-2,7 IL-10,% or the a or B chain of the
T-cell receptor® have been inactivated by homologous
recombination. In addition, adoptive transfer of
CD4TCD45RB8! (naive) T cells from BALB/c mice to
syngeneic SCID mice leads to the development of an
inflammatory bowel disease-like syndrome that is char-
acterized by diarrhea, weight loss, transmural inflamma-
tion in the proximal colon, and a Thl immune response
by LP CD4* T cells.’ The clinical, histopathologic, and
immunologic features of this model resemble those ob-
served in human CD.

It is well known that the activation of T cells requires
2 distinct signals: one derived from the interaction be-
tween the T-cell receptor and peptide/major histocom-
patibility complex, and another designated as the co-
stimulatory signal derived from the interaction between
the costimulatory molecules of the CD28 family on T
cells and their ligands of the B7 family on antigen-
presenting cells.'’-13 CD28 is expressed by most resting
T cells and interacts with the ligands B7-1 and B7-2 on
antigen-presenting cells. CD28-mediated costimulation
plays a critical role in pathogenic T-cell activatrion, as

Abbreviations used in this paper: 1COS, inducible costimulator; IFN,
interferon; IL, interleukin; LP, lamina propria; LPMC, lamina propria
mononuclear cell; mAb, monoclonal antibody; PE, phycoerythrin;
TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling.

© 2003 by the American Gastroenterological Association
0016-5085/03/$35.00
doi:10.1053/gast.2003.50050



February 2003

shown by studies in which the severity of disease in
animal models, such as experimental allergic encephalo-
myelitis, collagen-induced arthritis, and asthma, was
markedly reduced when the CD28-B7 pathway was
blocked.'41> However, although CD28-mediated co-
stimulation seems to be essential for initial T-cell prim-
ing, some secondary or memory responses are CD28
independent, suggesting the presence of alternative co-
stimulation pathways.

Inducible costimulator (ICOS)/activation-inducible
lymphocyte immunomodulatory molecule is the third
member of the CD28 family whose role in the immune
responses remains largely unknown.'®!7 In contrast to
CD28, ICOS is expressed after T-cell activation. The
inducible expression of ICOS is interesting because ICOS
may be particularly important in costimulation of acti-
vated T cells. A novel B7 family member (called B7h or
B7RP-1)!%12 was recently identified as the ligand for
ICOS. Discovery of the ICOS/B7RP-1 pathway raises a
number of interests about the physiologic and pathologic
functions of this pathway. In the original studies, en-
gagement of ICOS was particularly effective in costimu-
lating production of IL-10 and IL-4 but not IL-2.12 A
series of studies has supported the concept that ICOS
functions as a critical costimulatory pathway for Th2
responses.1%18-21 However, recent studies show that
ICOS also plays a substantial role in murine Thl-medi-
ated disease models, such as acute allograft rejection and
experimental allergic encephalomyelitis.?2:23 The contri-
bution of ICOS to the pathogenesis of inflammatory
bowel disease remains unknown.

In this study, we used the murine chronic colitis
model induced by adoptive transfer of CD4+*CD45RBbsh
T cells to SCID mice'® to characterize the expression of
ICOS/B7RP-1 in chronic intestinal inflammation and
investigated the therapeutic potential of anti-ICOS
monoclonal antibody (mAb).

Materials and Methods
Animals

Specific pathogen—free 6- to 8-week-old female
BALB/c and C57BL/6 scid/scid (SCID) mice and female
BALB/c mice were purchased from Japan Clea (Tokyo, Japan)
and maintained in the animal facility at Tokyo Medical and
Dental University. ICOS-deficient mice were generated by
gene targeting (K. T., details will be described elsewhere), and
ICOS—/— and ICOS++/— littermates (F3 interbred from 129/
Ola X C57BL/6) were used as the donors of CD4*CD45RBhish
T cells for C57BL/6 SCID mice.
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Figure 1. Characterization of B10.5 and HK5.3 mAbs. (A) B10.5
inhibits 1ICOS Ig binding to BTRP-1 transfectants. B7RP-1/L5178Y
cells were stained with ICOS Ig, which was pretreated with B10.5 or
rat 1gG2a followed by PE-labeled goat anti-human IgG Ab. The control
histogram represents background staining with human igG1. (B)
HK5.3 inhibits 1COS Ig binding to B7RP-1 transfectants. B7RP-1/
L.5178Y cells were pretreated with HK5.3 or rat 1gG2a and then
stained with [COS Ig followed by PE-labeled goat anti-human 1gG Ab. The
control histogram represents background staining with human IgG1.

Anti-ICOS and Anti-B7RP-1 mAbs

An anti-mouse ICOS mAb (B10.5 [JMABS1}, rat
immunoglobulin [Ig} G2a) was generated by immunizing
Wistar rats with ICOS-transfected CHO-K1 cells.?* The mAb
was purified from culture supernatant using protein A columns
and shown to contain <1 endotoxin unit/mg protein. This
mAb blocked binding of mouse ICOS Ig to mouse B7RP-1
transfectants (Figure 1A). An anti-mouse B7RP-1 mAb
(HKS.3, rat IgG1) was generated by immunizing SD rats with
mouse B7RP-1~transfected L cells and screened for binding to
mouse B7RP-1—transfected NRK cells. The mAb was purified
from ascites in nude mice using protein A columns and shown
to contain <1 endotoxin unit/mg protein. This mAb also
blocked binding of mouse ICOS Ig to mouse B7RP-1 trans-
fectants (Figure 1B).

B7RP-1 Ig

B7RP-1 Ig fusion protein was produced from trans-
fected CHO lines and purified over protein A/agarose columns.
This construct consists of the extracellular domain of human
B7RP-1 and the hinge, CH2, and CH3 domains of human
IgG1l. Control human IgGl was purchased from Sigma (St.
Louis, MO).

Induction of Colitis and Treatments

Induction of colitis by adoptive transfer of
CD4"CD45RBMe" T cells into SCID mice was petformed
essentially as described previously.?> CD4* T cells were iso-
lated from spleen cells from BALB/c mice using the anti-CD4
(L3T4) magnetic-activated cell sorting system (Miltenyi Bio-
tec, Auburn, CA) according to the manufacturer’s instructions.
Enriched CD4™ T cells (96%-97% pure, as estimated by
fluorescence-activated cell sorter) were then labeled with
phycoerythrin  (PE)-conjugated anti-mouse CD4 (RMA4-5;
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PharMingen, San Diego, CA) and fluorescein isothiocyanate~
conjugated anti-CD45RB (16A; PharMingen) and sorted
into CD45RBMEY (brightest staining, 30%) and CD45RBlv
(dullest staining, 30%) fractions on an FACS Vantage (Becton
Dickinson, Sunnyvale, CA). Each BALB/c SCID mouse was
injected intraperitoneally (IP) with 200 nL phosphate-
buffered saline (PBS) containing 5 X 103 CD4*CD45RBbs» T
cells or 5 X 10° CD4TCD45RBY™ T cells. These mice were
administered 250 g anti-ICOS mAb (B10.5) or anti-B7RP-1
mADb (HKS5.3) IP in 250 L PBS 3 times per week from the
day of T-cell transfer over a 7-week period. An equivalent
amount of control rat IgG (Sigma) was administered to control
mice under the same conditions. To assess the role of ICOS
signaling in the development of chronic colitis, mice were
administered 100 g B7RP-1 Ig fusion protein IP in 250 plL
PBS 3 times per week from the day of T-cell transfer over a
7-week period. An equivalent amount of control human IgG
(Sigma) was administered to control mice under the same
conditions.

Because the loss of body weight in colitic SCID recipients
started 3—5 weeks after T-cell transfer in preliminary experi-
ments, we treated another group of SCID mice by IP injection
with 250 pg anti-ICOS mAb 3 times per week from 3 weeks
after T-cell transfer to determine the effect of delayed treat-
ment with anti-ICOS mAb. Mice were killed 7 weeks after
T-cell reconstitution and analyzed for bowel inflammation.

In some experiments, C537BL/6 SCID mice were injected IP
with 200 pL PBS containing 5 X 10° CD4*CD45RBMs» T
cells from ICOS+/— or ICOS—/— littermate mice.

In another set of experiments, we treated 4 groups of mice
with (1) 500 pg control IgG, (2) 250 pg anti-ICOS mAb +
250 g control IgG, (3) 250 mg anti-IL-10 mAb (JES5-
2A5) + 250 pg control IgG, or (4) 250 g anti-ICOS mAb +
250 pg anti-IL-10 mAb 3 times per week from the day of
T-cell transfer over a 7-week period to assess the contribution
of IL-10 to the effect of anti-ICOS mAb.

Adoptive Transfer of LP CD4* T Cells From
Colitic Mice

LP CD4*Y T cells were isolated from BALB/c SCID
colitic mice 6 weeks after transfer of CD4TCD4SRBY8" T cells
by using magnetic-activated cell sorting magnetic beads as
previously described (>95% CD4* as estimated by fluores-
cence-activated cell sorter). BALB/c SCID mice were injected
IP with 200 pL PBS containing 1 X 106 LP CD4™* T cells and
were treated IP with 250 pg anti-ICOS mAb (B10.5) or
control rat IgG in 250 wL PBS 3 times per week. Mice were
killed 4 weeks after the pathogenic LP CD4* T-cell retransfer.
The colon was removed and evaluated histologically.

Histologic Examination and
Immunohistochemical Staining

Tissue samples were fixed in PBS containing 6% neu-
tral-buffered formalin. Paraffin-embedded sections (5 pm)
were stained with H & E. The sections wete analyzed without
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prior knowledge of the type of treatment. The degree of
inflammation in the colon was graded according to the previ-
ously described scoring system.26 Colonic samples for immu-
nohistochemistry were embedded in OCT compound, snap
frozen in liquid nitrogen, and stored at —80°C. Staining of the
sections was performed using the avidin-biotin complex
method. Six-micrometer sections were incubated with biotin-
ylated anti-mouse ICOS mAb (B10.5), biotinylated anti-
mouse B7RP-1 mAb (HKS5.3), biotinylated anti-mouse CD4
mAb (RM4-5; rat IgG1, PharMingen), or biotinylated anti-
mouse F4/80 mAb (rat IgG2b, PharMingen). Biotinylated
isotype-matched control antibodies (PharMingen) were also
used. Biotinylated antibodies were detected by streptavidin-
biotinylated horseradish peroxidase complex (Vectastain ABC
kit; Vector Laboratories, Burlingame, CA), and visualized by
diaminobenzidine. The sections were then counterstained with
hematoxylin.

Preparation of Lamina Propria
Mononuclear Cells

Lamina propria mononuclear cells (LPMCs) were iso-
lated from the colon as described previously.?” Briefly, the
entire intestine was opened longitudinally, washed with PBS,
and cut into small pieces. The pieces were incubated 2 times
with Ca?*/Mg?*-free Hank’s balanced salt solution contain-
ing 1 mmol/L dithiothreitol (Sigma) for 30 minutes to re-
move mucus. The supernatants from these incubations were
collected, pooled, and treated with 1 mg/mL collagenase
(Worthington Biomedical Co., Freehold, NJ) and 0.01% de-
oxyribonuclease (Worthington Biomedical Co.) in medium for
2 hours. The cells were pelleted 2 times through a 40%
isotonic Percoll solution and then further purified by Ficoll-
Hypaque density gradient centrifugation (40%/75%) at the
interface.

Flow Cytometry

The isolated splenocytes or LPMCs were preincubated
with an FcyR-blocking mAb (CD16/32; 2.4G2) for 20 min-
utes followed by incubation with fluorescein isothiocyanate-—,
PE-, or biotin-labeled mAbs for 30 minutes on ice. Biotinyl-
ated antibodies were detected with PE-streptavidin. T'wo-color
flow cytometric analysis was performed on a FACScan (Becton
Dickinson) using CellQuest software. Background fluorescence
was assessed by staining with isotype-matched control mAbs.

Cytokine Enzyme-Linked Immunosorbent
Assay

LP CD4* cells were purified from LPMCs by using the
anti-CD4 (L3T4) magnetic-activated cell sorting system.
LP CD4* cells (1 X 10%) were cultured in 200 pL of 10% fetal
calf serum/RPMI 1640 medium supplemented with 1 pg/mL
soluble anti-CD28 mAb (37.51; PharMingen) in 96-well
plates (Costar, Cambridge, MA) that were precoated wich 10
pg/mL anti-CD3e€ antibody (145-2C11, PharMingen) in PBS
overnight at 4°C. Culture supernatants were collected after 48
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hours and assayed for cytokine contents by specific enzyme-
linked immunosorbent assay according to the manufacturer’s
instructions (R & D Systems, Minneapolis, MN).

Detection of Apoptotic Cells

Detection of apoptotic cells in frozen sections was
performed by the terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick-end labeling (TUNEL)
method using ApoTag kit (Intergen, Purchase, NY) according
to the manufacturer’s instructions. To quantify TUNEL-posi-
tive cells, the number of TUNEL-positive cells per 500 infil-
trating LPMCs within 5 areas per section was counted under a
microscope. Apoptosis index was expressed as the percentage of
TUNEL-positive cells per 500 LPMCs counted. To identify
the cell type of apoptotic cells, double staining was performed
with PE-conjugated anti-CD4 mAb together with the TUNEL
method by using an apoptosis detection kit (MBL, Nagoya,
Japan).

Statistical Analysis

The results are expressed as mean & SD. Groups of
data were compared by Mann—Whitney U test. P values
<0.05 were considered statistically significant.

Results

Up-regulation of 1COS and B7RP-1
Expression in Colitic Mucosa

To investigate the role of ICOS and B7RP-1 in
chronic colitis, we used a murine colitis model induced
by adoptive transfer of CD4TCD45RBM&M T cells to
SCID mice. BALB/c SCID mice reconstituted with
CD4*CD45RBM8" T cells from normal BALB/c mice
manifested progressive weight loss after 3-5 weeks.
These mice had diarrhea with increased mucus in the
stool, anorectal prolapse, and hunched posture by 6-8
weeks. The colons from these mice were enlarged and
had a greatly thickened wall due to severe inflammation
as described previously.'® To assess whether ICOS was
expressed or up-regulated in the inflamed colonic mu-
cosa, LPMCs from colitic mice were analyzed by flow
cytometry. As shown in Figure 1A, initally isolated
CD4"CD45RBhe splenocytes before the transfer did
not express ICOS. In contrast, almost all LP CD4* T
cells from colitic mice at 7 weeks after transfer highly
expressed 1COS, whereas only a part of LP CD4" T cells
from normal BALB/c mice expressed ICOS at low to
moderate levels (Figure 2A). In both normal and colitic
LPMCs, some CD47ICOS* cells were DX5 positive,
suggesting ICOS was also expressed on NK cells {data
not shown). Immunohistochemical staining of colonic
mucosa confirmed these results. The number of cells
expressing ICOS was markedly increased in the colitic
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mice (Figure 2B). Most ICOS* cells were located in the
LP and submucosa, but some were also observed in the
tunica muscularis and subserosa. B7RP-1" cells were
also increased in the inflamed colonic mucosa and colo-
calized with macrophages detected by F4/80 (Figure 2B).
Flow cytometric analysis of LPMCs from colitic mice
showed that B7RP-1 was expressed by a part of F4/807
macrophages (data not shown). This up-regulation of
ICOS expression in infiltrated CD4* T cells and the
existence of B7RP-1—-expressing macrophages in colitic
mucosa suggest the participation of ICOS and B7RP-1 in
the pathogenesis of chronic colitis.

Administration of Anti-ICOS mAb
Prevents Colitis

To explore whether ICOS/B7RP-1 interaction is
involved in the development of chronic colitis, we ad-
ministered the anti-ICOS mAb to this colitis model.
Ant-ICOS mAb or control rat IgG at a dose of 250
wg/mouse was injected IP 3 times per week, starting at
the time of cell transfer and continuing over a 7-week
period. The control IgG-treated mice developed severe
colitis 4—7 weeks after the transfer, characterized by
significant weight loss (Figure 3A), diarrhea, and thick-
ening of the colonic wall with inflammation (Figure 3B).
Average histologic scores, which were characterized by
transmural inflammation with high numbers of lympho-
cytes in the LP and submucosa, as well as prominent
epithelial hyperplasia with loss of goblet cells, were
5.9 * 1.2 in those mice (Figure 3C). In contrast, mice
treated with anti-ICOS mAb seemed healthy and did not
exhibit any signs of colitis, with a gradual increase in
body weight (Figure 3A) and no apparent thickening of
the colonic wall (Figure 3B). No evident pathologic
changes were observed in the bowel wall, with an average
histologic score of 0.8 %= 0.7 (Figure 3D). The average
LP CD4* T-cell recovery in the inflamed colon from
colitic mice was 44 & 9 X 10° cells/colon, whereas that
from mice treated with anti-ICOS mAb was 21 * 3 X
10’ cells/colon (P < 0.01) (Figure 3D). This result shows
that the anti-ICOS mAb prevented the development of
chronic colitis.

Administration of Anti-B7RP-1 mAb Did
Not Prevent Colitis

We then examined the mechanism by which the
anti-ICOS mAb prevented the development of colitis. If
ICOS/B7RP-1 interaction plays an important role,
blockade of B7RP-1 should also abrogate the disease. We
treated the colitic mice with 2 blocking mAb against
B7RP-1. Unexpectedly, the mice anti~-B7RP-1 mAb—
treated mice developed a severe colitis similar to that
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Figure 2. ICOS and B7RP-1 expression in inflamed colon from
BALB/c SCID mice reconstituted with CD4+CD45RBMEN T cells. (A)
Flow cytometric analysis for ICOS expression. Initially isolated
CD4*+CDA45RBMEN gplenocytes, LPMCs from normal BALB/c mice, and
LPMCs from colitic mice at 6 weeks after transfer were stained with
fluorescein isothiocyanate—labeled anti-CD4 mADb and biotin-labeled
anti-ICOS mAb followed by PE-labeled streptavidin. (B) Cryostat sec-
tions of colonic samples from normal BALB/c mice and colitic SCID
mice were stained with mAbs directed against ICOS, CD4, B7RP-1,
and F4/80. (Original magnification 100X.)

seen in the control rat IgG—treated mice (Figure 3A-C).
The number of LP CD4* T cells from the anti~-B7RP-
1—treated mice was also comparable to that from the
contro} lg-treated mice (Figure 3D). This suggested that
the interaction of ICOS with B7RP-1 might not play a
critical role in the development of colitis. To further
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investigate the blocking effect of the ICOS/B7RP-1 in-
teraction, we treated the colitic mice with the human
B7RP-1 Ig protein. Consistent with our results using
blocking mAb against B7RP-1, hB7RP-1 Ig—treated
mice developed a severe colitis similar to that seen in the
control rat [gG—treated mice (Figure 4A and B). The
number of LP CD4" T cells from the hB7RP-1 Ig—
treated mice was also comparable to that from the control
Ig-treated mice (Figure 4C).

CD4*+CD45RBe" T Cells From ICOS—/—
Mice Induced Colitis

To further examine the requirement of ICOS for
the development of colitis, we tested the ability of
CD4*CD45RBYe#h cells derived from ICOS—/— mice to
develop chronic colitis. During the 7-week period of
observation, SCID mice reconstituted with either
ICOS+/— or ICOS—/— CD4"CD45RB"8" cells showed
progressive weight loss from 3 to 5 weeks of reconstitu-~
tion (data not shown). These mice had diarrhea with
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Figure 3. Effect of anti-ICOS and anti-B7RP-1 mAbs on the develop-
ment of colitis. (A) BALB/c SCID mice were reconstituted with
CD4+CD45RB"e T cells and treated with control rat 1gG (e; n = 20),
anti4C0S mAb (O; n = 20), or anti-B7RP-1 mAb (O; n = 7) for a
7-week period. As a control, BALB/c SCID mice were reconstituted
with CD4+CD45RB"" T cells and treated with control rat IgG (#; n =
7). Data are represented as the mean = SD of 7-20 mice in each
group. *P < 0.005 compared with control 1gG. (B) Histologic exami-
nation of the colon in mice reconstituted with CD4+*CD45RB"Y or
CD4*CDA45RBNE T cells and treated with control rat IgG, anti-ICOS
mADb, or anti~-B7RP-1 mAb at 7 weeks. (Original magnification 100X.)
(C) Severity of colitis. Colons were removed from SCID mice 7 weeks
after T-cell transfer and stained with H & E. Pathology was graded on
a scale of 0-7. Data are represented as the mean * SD of 7 mice in
each group. *P < 0.0005. nt, normal BALB/c mice. (D) Number of LP
CD4+ T celis. Data are represented as the mean *+ SD of 7 mice in
each group. *P < 0.01.
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Figure 4. Blocking of ICOS/B7RP-1 interaction by B7RP-1 Ig does not
affect the development of colitis. (A) BALB/c SCID mice were reconsti-
tuted with CD4+CD45RBMeE" T cells and treated with B7RP-11g (n = 7) or
control human IgG1 (n = 7) for up to 7 weeks. Histologic examination of
the colon in mice reconstituted with CD4+*CD45RB"e" T cells and treated
with B7RP-1 Ig or control human IgG1. (Original magnification 100X.) (B)
Severity of colitis after the transfer. Colons were removed from SCID
mice 7 weeks after T-cell transfer and stained with H & E. Pathology was
graded on a scale of 0-7. Data represent the mean + SD of mice in each
group. NL, normal BALB/c mice. (C) Number of LP CD4* T cells isolated
from the colons of individual mice. Data are represented as mean * SD
of 7 mice in each group.

increased mucus in the stool and hunched posture by 7
weeks. Histologic analysis of colonic sections showed
transmural inflammation with large numbers of leuko-
cyte infilcrates in the colon after the transfer of either
ICOS+/— or ICOS—/— CD4TCD45RBhs" cells (Figure
5A and B). This indicated that expression of ICOS on the
pathogenic T cells was not required for the induction of
colitis.

Cytokine Production by LP CD4* T Ceills

All of these results suggest that the ameliorating
effect of anti-ICOS mAb on colitis was notr induced
simply by the blocking of ICOS/B7RP-1 interaction. It
has been reported that costimulation of anti-CD3-acti-
vated T cells with anti-ICOS mAb preferentially induced
production of IL-4 and IL-10 but not IL-2 in vitro.6 To
determine the possibility that Th2 cytokine induction by
treatment with ant-ICOS mAb in vivo led to the ame-
liorating effect of colitis, we measured cytokine produc-
tion by LP CD4* T cells. As shown in Figure 6, treat-
ment with anti-ICOS mAb did not enhance production
of Th2 cytokines, including IL-4, IL-10, and IL-13. In
contrast, production of IFN~y was significantly decreased
in mice treated with anti-ICOS mAb. Therefore, we
concluded that treatment with anti-ICO8 mAb did not
induce Th2 deviation in vivo.
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Anti-l1L-10 mAb Does Not Abolish the Effect
of Treatment With Anti-ICOS mAb

Although treatment with anti-ICOS mAb did
not induce increased IL-10 production by LP CD4* T
cells in vitro, to further address the possible contri-
bution of IL-10 to the effect of treatment with anti-
ICOS mAb in vivo, we administered a neutralizing
anti-JL-10 mAb to the mice treated with anti-ICOS
mAb. As shown in Figure 7, coadministrarion of
anti~IL-10 mAb did not significantly affect the ame-
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ICOS+/-

ICOS-/-

@

& e M W B W &

3.

Histological score

-

NL

1COS/- ICOS-f-
Figure 5. Development of colitis in ICOS-deficient T ceils. (A) H & E
staining of colon sections 6 weeks after transfer of CD4 *CD45RBhg
T celis from ICOS+/— or ICOS—/— mice. Representatives of 7 mice
in each group. (Original magnification 100X.) (B) Severity of colitis.
Colons were removed 6 weeks after T-cell transfer and stained with H
& E. Pathology was graded on a scale of O~-7. Data are represented
as the mean =+ SD of 7 mice in each group.
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Figure 6. Cytokine production by LP CD4* T cells from SCID mice
reconstituted with CD4+*CD45RBNEN T cells and treated with control
rat igG or anti-ICOS mAb. LP CD4* T cells were prepared from
colons 7 weeks after T-cell transfer and stimulated with anti-CD3
and anti-CD28 mAbs for 48 hours. The indicated cytokines in these
supernatants were measured by enzyme-linked immunosorbent
assay. Data are represented as the mean = SD of 7 mice in each
group. NL, normal BALB/c mice; Cont Ab, control IgG-treated colitic
mice; ICOS Ab, anti-ICOS mAb-treated colitic mice,

liorating effect of the anti-ICOS mAb on the devel-
opment of colitis. This indicates that the effect of
anti-ICOS mAb was not caused by the induction of
IL-10-producing regulatory T cells in vivo.
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Induction of Apoptosis in Infiltrating
Mononuclear Cells by Anti-ICOS mAb

We therefore examined whether the adminis-
tration of anti-ICOS mAb could induce apoptosis in
ICOS-expressing pathogenic T cells in vivo. We
treated the mice with established colitis at 6 weeks
after the transfer of CD4TCD45RBM8® cells with a
single dose of anti-ICOS mAb or control IgG and
determined the number of apoptotic cells in tissue
sections by the TUNEL method 24 hours later. As
shown in Figure 8A, a marked increase in apoptotic
cells, which were predominantly infiltrating mononu-
clear cells, was observed in the colonic mucosa of mice
treated with anti-ICOS mAb compared with control
IgG-treated mice. The quantitative apoptotic index in
the mice treated with anti-ICOS mAb was signifi-
cantly greater than that in control IgG-treated mice
(Figure 8B). To identify whethet LP CD4*" T cells
induced apoptosis by treatment with anti-ICOS mAb,
double staining was performed using the TUNEL
method and anti-CD4 mAb staining. As shown in
Figure 8C, increased CD4%* TUNEL-positive LP
cells were observed in the inflamed mucosa of mice
treated with anti-ICOS mAb compared with control
IgG-treated mice. This suggests that the ameliorating
effect of treatment with anti-ICOS mAb might be
attributable to elimination of ICOS-expressing patho-
genic T cells.

Amelioration of Ongoing Colitis by
Administration of Anti-ICOS mAb

We further evaluated whether delayed treatment
with anti-ICOS mAb could improve ongoing disease.
Because the wasting disease started 3-5 weeks after
T-cell transfer and the infiltration of lymphocytes was
detectable at 2 weeks in our model, we started treatment
with anti-ICOS mAb 3 weeks after T-cell transfer. Co-
litic SCID mice were randomly assigned to be injected IP
with either anti-ICOS mAb or control rat IgG, respec-
tively, at a dosage of 250 pg/body wt 3 times weekly
from week 3 after CD4TCD45RB"8! T-cell transfer up
to 8 weeks. As shown in Figure 9A, the mice treated
with anti-ICOS mAb showed significantly improved
weight loss and the absence of diarrhea. Histologic ex-
amination of colonic sections from the mice treated with
anti-ICOS mAb showed significantly diminished granu-
fomatous inflammation, leukocyte infiltration, and epi-
thelial hyperplasia compared with the control IgG-
treated mice. The inflammatory changes appeared to be
focal, with only mild leukocyte infileration in the LP and
occasionally in the submucosa but not in muscular layers
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Figure 7. Neutralization of IL-10 does not affect the ameliorating
effect of anti-ICOS mAb on colitis. (A) Histologic examination of the
colon in SCID mice reconstituted with CD4+CD45RBMe" T cells and
treated with anti-IL-10 mAb (n = 7), anti-ICOS mAb (n = 7), anti—IL-
10 + anti-{COS mAbs (n = 7), or control rat IgG1 (n = 7) for 7 weeks.
Representatives of 7 mice in each group. (Original magnification
100X.) (B) Severity of colitis. Colons were removed 7 weeks after
T-cell transfer and stained with H & E. Pathology was graded on a
scale of 0—7. Data are represented as the mean = SD of 7 mice in
each group. *P < 0.05 compared with controf IgG.

(Figure 9B). Histologic score was significantly decreased
in the mice treated with anti-ICOS mAb (1.62 = 0.81)
compared with that in the control IgG-treated mice
(5.93 * 1.23) (P < 0.05) (Figure 9C). The infiltration of
CD4™" T cells was also significantly decreased in the mice
treated with anti-ICOS mAb (5.50 % 0.7 X 10° cells)
compared with the control IgG-treated mice (31.3 =
7.7 X 10° cells) (P < 0.05) (Figure 9D). Furthermore,
when LP CD4™ T cells were stimulated with anti-CD3
and anti-CD28 mAbs in vitro, production of IFN-vy was
abolished in the mice treated with anti-ICOS mAb,
whereas production of IL-4, IL-10, or IL-13 was not
significantly affected (Figure 9E).
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Figure 8. Induction of apoptosis in infiltrating mononuclear cells
by anti-iICOS mAb. (A) Apoptotic cells in the colon from normal
BALB/c mice or SCID mice reconstituted with CD4+CD45RB"Eh
T cells and treated with control rat IgG or anti-ICOS mAb at ©
weeks were stained in brown by the TUNEL method. Representa-
tives of 5 mice in each group. (Original magnification 200X.)
(B) Apoptosis index was determined as percentage of TUNEL-
positive cells per 500 mononuclear cells counted in several fields.
Data are represented as the mean = SD of 5 mice in each
group. *P < 0.05. (C) Double staining of apoptotic cells with
anti-CD4 mAb. LP CD4* cells were stained with PE-conjugated
anti-CD4 mAb and subjected to the TUNEL method. (Original mag-
nification 400X.)
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Anti-ICOS mAb Ameliorates Colitis Induced
by Adoptive Transfer of LP CD4* T Celis

From Colitic Mice

To further assess the effect of anti-ICOS mAb on
pathogenic T cells in this model of colitis, we treated the
recipient mice after adoptive transfer of LP CD4™ T cells

Figure 9. Improvement of coli-
tis by delayed administration of
anti-ICOS mAb. (4) Colitic SCID
mice were treated with either
anti-ICOS mAb or control rat IgG
from 3 to 7 weeks after T-cell
transfer. The change in weight
over time is expressed as per-
cent of the original weight. The
arrow indicates the start of
treatment. Data are repre-
sented as the mean * SD of
mice in each group. *P <
0.005 compared with controf
1gG. (B) Histologic examination
of the colons 7 weeks after T-
cell transfer and treatment with
control rat IgG or anti-ICOS
mAb. (Original maghnification
100X.) (C) Severity of colitis.
Colons were removed 7 weeks
after T-cell transfer and stained
with H & E. Pathology was
graded on a scale of 0-7. Data
are represented as the mean *
SD of 5 mice in each group.
*P < 0.05. N, normal BALB/c
mice. (D) Number of LP CD4*+ T
cells. LP CD4* T ceils were iso-
lated from colons 7 weeks after
T-cell transfer. Data are repre-
sented as the mean = SD of §
mice in each group. *P < 0.05.
(E) Cytokine production by LP
CD4* T cells. LP CD4* T cells
were prepared from colons 7
weeks after T-cell transfer and
stimutated with anti-CD3 and
anti-CD28 mAbs for 48 hours,
The indicated cytokines in the
supernatants were determined
by enzyme-inked immunosor-
bent assay. Data are repre-
sented as mean * SD of 5
mice in each group. *P < 0.01
compared with control 1gG.

from colitic mice. The weight loss (Figure 10A) and
histologic changes (Figure 108 and C) were significantly

improved and the infilcration of CD4™ T cells (Figure

mice.
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10D) was greatly reduced in the mice treated with
anti-ICOS mAb compared with the control IgG-treated
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Figure 10. Effect of anti-ICOS
mAb on colitis induced by adop-
tive transfer of LP CD4™* T cells
from colitic mice to SCID mice.
LP CD4* T cells (1 X 10%) from
colitic SCID mice 7 weeks after
CD4+CD45RBMe" T-cell transfer
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were injected IP into BALB/c : . ;
SCID mice. Control rat 1gG or 0 1 2
anti-ICOS mADb were adminis-
tered IP for 4 weeks. (A) Weight
change. Data are represented
as the mean = SD of 7 mice in
each group. *P < 0.05 com-
pared with control 1gG. (B) His-
tologic examination of the
colon at 4 weeks. Representa-
tives of 7 mice in each group.
(Original magnification 100X.)
(C) Severity of colitis. Colons
were removed at 4 weeks and
stained with H & E. Pathology
was graded on a scale of 0-7.
Data are represented as the
mean = SD of 7 mice in each
group. NL, normal BALB/c mice.
*P < 0.05. (D) Number of LP
CD4* T cells. LP CD4™ T cells
were isolated from colons 4
weeks after transfer. Data are
represented as the mean = SD
of 7 mice in each group. NL,
normal BALB/c mice. *P <
0.05.

C

Cont Ab

ICOS Ab

Discussion

The most important findings in the present study
were the up-regulation of ICOS expression on infiltrating
T cells in colitic mucosa and the ameliorating effect of
anti-ICOS mAb in the development of colitis. We used
a Thl-mediated murine colitis mode] induced by adop-
tive transfer of CD4TCD45RBMe! T cells into SCID
mice. Because this model shares histopathologic and
immunologic characteristics with human CD, a benefi-
cial effect may be expected by targeting ICOS in the
treatment of CD.

Because B7RP-1 was also detected in the colitic le-
sion, we first investigated whether the effect of treatment
with anti-ICOS mAb was induced by blocking the ICOS/
B7RP-1 interaction. However, the administration
of peutralizing anti-B7RP-1 mAb did not prevent
the colitis. Furthermore, the adoptive transfer of
CD4*CD45RBMeh T cells from 1COS—~/— mice was as
competent as those from ICOS-+/— mice to induce the
colitis, indicating that ICOS might not be essential for
the priming, migration, and expansion of pathogenic T
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cells to induce the colitis. These results suggest that the
effect of anti-ICOS mAb was not critically caused by the
blocking of the ICOS/B7RP-1 interaction. However, an
alternative explanation is that ICOS might have ligands
other than B7RP-1 that are expressed in colitic mice,
although anti-B7RP-1 mAb (HXS5.3) blocked binding
of mouse ICOS Ig to mouse B7RP-1 transfectants (Fig-
ure 1).

We next examined whether treatment with anti-ICOS
mAb would induce a Th2 deviation of pathogenic
T cells, because ICOS has been implicated in Th2 re-
sponses.!>16.28 However, no significant change in pro-
duction of IL-4, IL-10, or IL-13 was observed by in vitro
stimulation of LP CD4™ T cells from the mice treated
with anti-ICOS mAb compared with the control IgG-
treated mice. Interestingly, the Th2 cytokines in this
model were higher compared with normal, even though
production of IFN-y was 100-fold higher than Th2
cytokines. Indeed, Powrie et al. showed that IL-4 is not
required for the development of colitis in this model.??
Elevated Th2 cytokines might be secondary to primary
Thl-mediated immune responses in this model. The role
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of Th2 cytokines in this model should be clarified by
further studies.

Although treatment with anti-ICOS mAb did not
increase production of IL-10 by LP CD4* T cells in
vitro, it has been shown that IL-10 plays an important
suppressive role in the pathogenesis of colitis.8:293! To
further address the possible contribution of IL-10 to the
ameliorating effect of anti-ICOS mAb on colitis, we
coadministered neutralizing anti-IL-10 mAb. However,
this did not abrogate the effect of anti-ICOS mAb,
excluding the contribution of IL-10. It is also possible
that the anti—IL-10 mAb (JES5-2A5) in our experiment
failed to sufficiently neutralize IL-10 activity in vivo.
Recently, Asseman et al. showed that a blocking mAb
reactive with the murine IL-10R (1B1.2) but not JESS5-
2A5 abrogated protection from colitis induced by the
CD41CD45RB"™ population,3® suggesting the relative
ineffectiveness of JES5-2A5. Further studies using 1B1.2
are needed to address this point.

Enhanced T-cell resistance against apoptosis may con-
tribute to perpetuation of CD.32:3% Because most immu-
nosuppressive drugs seem to mediate their clinical effects
at least in part by the induction of T-cell apoptosis, such
resistance against apoptosis may underlie insufficient
short-term effects of immunosuppressive therapy in
CD.?% In the present study, we showed an unexpected
function of anti-ICOS mAb to induce apoptosis in colon-
infiltraring pathogenic T cells in vivo. It is possible that
the ICOS-expressing cells in inflamed mucosa are killed
by complement fixation. To address the possible contri-
bution of complements, we tested whether anti-ICOS
mAb (B10.5) fixes complements in vitro. However,
B10.5 did not kill the ICOS transfectant in the presence
of mouse complements (data not shown). Further studies
are needed to assess the anti-ICOS mAb-inducing apo-
ptosis mechanism.

In addition, the delayed administration of anti-ICOS
mAb significantly inhibited production of IFN-y by LP
CD4™" T cells. This suggests that the ameliorating effect
of anti-ICOS mAb on colitis might be at least partly
mediated by its apoptosis-inducing effect on pathogenic
Thl cells producing IFN-y.

Of particular clinical importance, delayed treatrent
with anti-ICOS mAb ameliorated ongoing disease. In
contrast to CD28, ICOS is specifically expressed on ac-
tivated T cells and is thus an ideal target molecule for the
treatment of CD. Infliximab (anti-human tumor necrosis
factor & mAb) has been approved in the United States
and Europe for the treatment of patients with CD refrac-
tory to conventional therapy. Interestingly, this mAb
induces apoptosis of activated T lymphocytes and mac-
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rophages that express membrane-bound TNF.35:3¢ Simi-
larly, engagement of ICOS by this mAb might induce
apoptosis of pathogenic T cells via ICOS-mediated signal
transduction. Alternatively, anti-ICOS mAb may acti-
vate complement-mediated lysis or antibody-dependent
cell-mediated cytotoxicity. Further studies ate needed to
address these possibilities.

In conclusion, our present study in a well-validated
Thl-mediated mouse colitis model indicates that expres-
sion of ICOS and B7RP-1 is increased in activated T
lymphocytes and macrophages, respectively, during ex-
petimental colonic inflammation. Furthermore, anti-
ICOS mADb could both prevent and reverse established
inflammation, suggesting a potential therapeutic appli-
cation in human Thl-mediated intestinal inflammatory
conditions such as CD. However, blockade of B7RP-1
did not have a protective effect, indicating that the
interaction between these costimulatory molecules was
not critical to the development of colitis. Anti-ICOS
mADb induced apoptosis of activated T cells. Thus, selec-
tive induction of apoptosis of ICOS-expressing patho-
genic T cells, rather than blockade of ICOS costimula-
tory activity, seems to be the therapeutic mechanism of
this promising treatment strategy.
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One of the recent challenges in regenerative medicine is
to reconstitute damaged human tissues using the pluri-
potency of adult-tissue-derived cells. We propose the
new concept that bone-marrow-derived cells could
promote the regeneration of damaged epithelia in the
human gastrointestinal (GI) tract. In bone-marrow
transplant (BMT) recipients, epithelial cells of donor
origin were distributed throughout the Gl tract. Further-
more, these cells substantially repopulated the Gl tract
of BMT recipients during epithelial regeneration after
graft-versus-host disease or ulcer formation. These find-
ings might lead to a novel therapy for the repair of
damaged intestinal epithelia using the pluripotency of
bone-marrow cells, and could provide an alternative
therapy for refractory inflammatory bowel diseases.

The epithelium of the gastrointestinal (GI) tract is a tissue
in which rapid renewal continues throughout life. For
example, epithelial cells of the small intestine are com-
pletely renewed in approximately 3-4 days [1,2]. This
rapid regeneration is maintained by intestinal epithelial
stem cells, which can self-renew and also give rise to the
four main cell lineages in the intestinal epithelia: entero-
cytes, goblet cells, enteroendocrine cells and Paneth cells
[2]. An estimated 4—5 intestinal epithelial stem cells are
found at the bottom of each intestinal crypt, and these
provide rapid-proliferating progenitor cells that reside in
the mid-crypt region (Fig. 1) [3-5]. Proliferated immature
epithelial cells are thought to become mature as they
migrate along the crypt—villus axis, and drop off into the
gut lumen when they reach the tip of the villus. However,
the origin of intestinal epithelial cells, and the precise
molecular mechanism of differentiation of intestinal
epithelial cells, has yet to be fully characterized.

Despite rapid progress in regenerative medicine and
stem-cell biology, the intestinal epithelia has received little
attention to date, probably because they normally regen-
erate continuously without any manipulation. However, in
clinical practice, we face some diseases in which regener-
ation of the damaged epithelia is disturbed. One example
of such a condition is inflammatory bowel disease. In
western countries and in Japan, the number of patients
suffering from this disease is increasing {6—8], and some
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patient populations fail te regenerate the damaged intes-
tinal epithelia. Complete remission cannot be achieved in
these patients without proper regeneration of the epithelia
and, therefore, we have sought to establish a novel therapy
aimed at promoting this.

Pluripotency of adult-tissue-derived cells

There are two main sources of cells for regenerating
human tissues: embryonic stem (ES) cells and adult-
tissue-derived pluripotent cells. ES cells are extremely
immature cells derived from a developing blastocyst [9,10],
and have the potential to differentiate into a wide variety
of cell types, including epithelial cells [10,11}. However,
they have to be taken from a developing embryo, and
several in vivo studies have shown that these cells have
the potential to develop teratomas [9]. Therapeutic use of
ES cells will require several ethical and technical problems
to be solved.

The adult-tissue-derived pluripotent cells include a
wide variety of tissue-specific stem cells. Among these,
bone-marrow cells have been well studied and are thought
to have the pluripotency to differentiate into cells outside
of the haematopoietic lineage in certain conditions [12,13].
Indeed, a recent report has suggested that certain bone-
marrow-derived cells cultured in vitro have almost the
same pluripotency as ES cells, but do not generate tera-
tomas [14,15]. However, other reports present contra-
dictory results on the pluripotency of bone-marrow cells
[16-18] and, hence, this issue will require further studies
before it can be confirmed and well understood [19]. One of
the alternative explanations for the observed pluripotency
of bone-marrow cells is cell fusion [16,18]. This possibility
was proposed on the basis of in vitro studies, and the
importance of cell fusion in vivo remains controversial
[20—24]. However, our recent findings clearly suggest that
bone-marrow-derived cells have therapeutic potential in
regeneration of the GI epithelia in humans [25].

Bone-marrow-derived cells repopulate the Gl epithelia of
bone-marrow transplant recipients

Donor-derived epithelial cells were distributed
throughout the Gl tract

In our recent study, we sought to determine whether
human bone-marrow cells have the potential to repopulate
the GI epithelia and could be therefore considered as a
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Fig. 1. Structure of a crypt in the gastrointestinal (G} tract. A crypt functions as a single unit to maintain and regenerate Gl epithelia. Intestinal stem celis reside in the lower
part of the crypt and, as well as self-renewal, they provide proliferating progenitor cells that mature into the four main lineages of the Gl epithelia: enterocytes, goblet cells,

enteroendocrine cells and Paneth cells.

therapeutic source for intestinal diseases [25]. We
examined biopsy specimens of the GI tract, taken during
endoscopic examinations of females who had received a
bone-marrow transplant (BMT) from male donors. Fluor-
escent in situ hybridization (FISH) was used to identify,
in the GI tract of each of the subjects, epithelial cells
that contained a Y chromosome and, hence, must have
descended from transplanted bone-marrow cells. We
examined 29 biopsy specimens taken during 12 endoscopic
examinations of four females who had received a BMT
from male donors, and detected donor-derived epithelial
cells in every part of the GI tract (Fig. 2). The donor-
derived epithelial cells were not clustered, and there
were no linear clusters in the longitudinal sections of
the intestinal crypt. Instead, these cells were distributed
individually in diffuse patches around the epithelia.
Furthermore, donor-derived epithelial cells were detected
in tissue samples obtained more than eight years after
BMT, suggesting that these cells are continuously gene-
rated from bone-marrow cells and are continuously
renewed.

Our findings are supported by an another report, which
showed that intestinal epithelial cells of suspected extra-
intestinal origin exist within the graft of a small-intestinal
transplantation recipient [26]. Although there is evidence
of cell fusion in vivo [22,24], several results from our
specimens suggest that cell fusion in vivo does not
contribute substantially to our observations of GI
epithelia [25].

Donor-derived epithelial cells repopulated the Gl tract of
transplant recipients during epithelial regeneration

By taking Gl-tract biopsy specimens from each patient
at a series of time points, we were able to correlate the
changes in the population of donor-derived epithelial
cells with regeneration of the damaged epithelia [25].
We obtained specimens at four time points, from the
small intestine of a female BMT recipient who developed
acute graft-versus-host disease (GVHD) (Fig. 3). No donor-
derived cells were detected in the tissue obtained 25 days
before BMT. The number of donor-derived epithelial cells
was low (0.4 per 100 nucleated cells) 26 days after BMT, at
the beginning of an episode of GVHD, but this had
increased ninefold (to 3.6 per 100 nucleated cells) by day
77 as GVHD ran its course. By day 777 after BMT, the
patient had recovered from GVHD, but donor-derived
epithelial cells were still present, although they were less
abundant (1.0 per 100 nucleated cells). We also examined
another case, in which the patient developed a gastric
ulcer by day 586 after BMT. At this time, there were
40-50 X as many donor-derived epithelial cells in the
regenerating epithelia of the stomach as in histologically
normal epithelia.

These findings suggest that when tissue repair is
required to reconstitute human GI epithelia, bone-
marrow-derived cells can assist in the healing process by
actively repopulating the regenerating epithelia, thereby
promoting the repair of mucosa damaged by GVHD or
gastric ulcer.
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Fig. 2. Bone-marrow-derived cells are distributed in the epithelia of the entire gastrointestinal (G} tract after bone-marrow transplantation (BMT). Serial section analysis
was performed by Y-chromosome fluorescent in situ hybridization (Y-FISH) and immunoperoxidase staining using endoscopic biopsy specimens of Gl tract tissues from
female recipients 26-381 days after BMT from male donors. Y-chromosome-positive epithelial cells were confirmed by their location and expression of cytokeratin but not
CD45. Y-chromosome-positive cells (white arrows) were predominantly found in cytokeratin*CD45™ epithelial cells, in every part of Gl tract, including the oesophagus,
stomach, small intestine and colon. A serial section stained by haematoxylin and eosin {HE) is also shown. Magnifications are 800 X for oesophagus and colon, 1600 x for
stomach and 1200 x for small intestine. Adapted with permission from {25].
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Fig. 3. The number of bone-marrow-derived epithelial cells increased during regeneration of the gastrointestinal epithelia, Serial section analysis was performed by
Y-chromosome fluorescent in situ hybridization (Y-FISH) and immunoperoxidase staining in specimens of small-intestinal tissues taken at four different time points from a
female patient before and after bone-marrow transplantation (BMT) from a male donor. No Y-chromosome-signal-positive cells were detected in a tissue specimen
taken 25 days before BMT (pre-BMT). The frequency of Y-chromosome-signal-positive epithelial cells {white arrows) was quite low on day 26 after BMT, when sudden
onset of acute graft-versus-host disease (GVHD) occurred, but it increased ninefold by day 77, as GVHD ran its course. On day 777 after BMT, when GVHD had gone,
Y-chromosome-signal-positive epithelial cells were decreased but still present at low frequency. A serial section stained by haematoxylin and eosin (HE) is also shown.
Magnifications are 400 X for pre-BMT, 800 x for day 26 and 1200 x for days 77 and 777. Adapted with permission from [25].
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How can intestinal epithelial cells be generated from
bone-marrow cells?

The mechanism by which bone-marrow-derived epithelial
cells are generated remains to be elucidated, but we can
suggest two possible pathways (Fig. 4). Because these cells
show a patchy distribution, the first potential pathway is
somehow to be integrated into the epithelia as consider-
ably differentiated epithelial cells but at extremely low
frequency. The second possible pathway is to be integrated
as cells that maintain some degree of stem-cell property,
but with proliferation and differentiation strictly sup-
pressed by the residing competitors. The increase in
bone-marrow-derived epithelial cells during epithelial
regeneration could result from an increase in the fre-
quency of cells entering the intestinal epithelia, or from
rapid proliferation within the epithelia as a result of
weakened suppression. The frequency of bone-marrow-
derived epithelial cells falls to almost the same level as
in normal conditions after regeneration is completed,
and this could be explained by restriction in entry or
proliferation when normal structure is restored.

We hope to clarify whether either of these pathways
exists as a means of generating human intestinal epi-
thelia. Recently, a reliable molecular marker for intestinal
epithelial stem cells and progenitor cells was reported
[27,28]. Clarification of whether the donor-derived cells
express these stem-cell markers will provide evidence as
to which of the two pathways is more likely. In another
study, human bone-marrow cells have also been shown to
differentiate into pericryptal myofibroblasts [29], and
these bone-marrow-derived myofibroblasts might be one
of the cells that provides the ‘niche’ for bone-marrow cells
to enter the intestinal epithelia [30]. However, we do not
have any satisfactory results to confirm this idea.
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Future prospects

Several case reports have suggested that BMT (either
allogeneic or autologous) has therapeutic effects for auto-
immune diseases, including inflammatory bowel diseases
{31-35]. A recent study of two cases of Crohn’s disease
demonstrated that autologous haematopoietic stem-cell
transplantation, following high-dose immunosuppressive
therapy, induced long-term remission in refractory
patients {36]. So far, the therapeutic effect in these cases
has been thought to derive from elimination of pathogenic
immune cells. However, considering our results [25], bone-
marrow cells might also have an important role in regene-
rating the damaged epithelia in these cases. All of our
reported cases received a BMT that included hetero-
geneous cell types, but another report has demonstrated
that patients receiving CD34% haematopoietic stem-cell
transplantation show similar results [13]. This suggests
that CD34" cells might be the origin of the bone-marrow-
derived intestinal epithelial cells, at least in humans, and
could be the therapeutic source for regenerating epithelia.
However, this remains controversial {17].

Whether BMT itselfis the best way to use bone-marrow-
derived cells to regenerate intestinal epithelia is unknown.
Ifthere are humoral factors that lead to the introduction of
bone-marrow cells into the intestinal epithelia then these
might also be used. A possible candidate is granulocyte—
macrophage colony-stimulating factor, which has recently
been reported to have therapeutic effects with Crohn’s
disease patients [37]. A precise study of the molecular
mechanisms by which bone-marrow-derived epithelial
cells are generated might help us to uncover these factors.
Finding a molecule that promotes the introduction of bone-
marrow cells into intestinal epithelia will be one of the
major subjects of future study.

(a) Normal epithelia

Bone-marrow-

derived epithelia Proliferation

suppressed

Bone-marrow cells

Bone-marrow cells e &
e
Stem or

progenitor cell(s)

Crypt

Bone-marrow cells

(b) Regenerative epithelia

Bone-marrow-

derived epithelia | 2 Proliferation

5 increased

Bone-marrow cells
@ 6.

- :

Stemor

progenitor cell(s)

Crypt

TRENDS in Molecular Medicine

Fig. 4. Possible pathways by which bone-marrow cells could repopulate the gastrointestinal epithelia. {a} At steady state, when epithelial cells are continuously generated
from the residing stem cells, bone-marrow cells (blue) enter the epithelia as relatively differentiated epithelial cells, at extremely low frequency. Alternatively, they enter as
stem-cell-like progenitor cells, with proliferation strictly suppressed by residing competitive stem cells. {b) When regeneration is required, the frequency of bone-marrow
cells entering the epithelia increases substantially, or suppression of the proliferation of bone-marrow-derived stem-cell-tike progenitor cells is weakened. As a result, the
relative frequency of bone-marrow-derived epithelial cells increases, thereby regenerating the damaged epithelia.
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