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Figure 5. Overexpression of human TRX reduced the DSS-induced
increase in MIF serum levels. MIF serum levels of wild-type (WT),
TRX-TG (TG), DSS-treated WT (WT-DSS), and DSS-treated TRX-TG
(T3-DSS) mice (n = 8, in each group) were determined by ELISA after
DSS administration. Results are expressed as means + SE. *P < .05
between WT and TG mice. P < .01 between WT and WT-DSS and
WT-DSS and TG-DSS.

Cytokine Assay

The serum levels of human TRX were determined by a
sandwich ELISA Kit (Redox Bioscience Inc., Kyoto, Japan) as
previously described.’®32 The serum levels of human MIF were
determined by ELISA using the human MIF ELISA kit (Sapporo
1LD.L, Sapporo, Japan).?® Mouse TNF-a, IFN-y, and MIF con-
centrations in culture supernatants of colon fragments were
determined by ELISA using the mouse TNF-« ELISA kit (R&D
Systems Inc., Minneapolis, MN), mouse IFN-y ELISA set (BD
Biosciences, San Diego, CA), and mouse MIF ELISA kit (Sap-
poro LD.L). MIF concentrations in supernatants from an in
vitro study were determined by the human MIF ELISA kit
(Sapporo LD.L)).

Western Blot Analysis

For preparation of colon tissue samples, tissues were
lysed in RIPA buffer (1% Triton X-100, 1% Na-deoxydolate, 0.1%
sodium dodecyl sulfate [SDS], 20 mmol/L Tris-HCI [pH 7.4], §
mmol/L ethylenediamine-N,N,N’,N'-tetra-acetic acid [EDTA],
150 mmol/L NaCl, 1 pg/mL aprotinin, 100 pg/mL phenyl-
methylsulfonyl fluoride. Insoluble materials were removed by
centrifugation at 12,000g for 10 minutes at 4°C. Supernatants
boiled with sample buffer (0.05 mol/L Tris-HCl, 2% SDS, 6%
B-mercaptoethanol, 10% glycerol, 1.25% bromophenol blue)
were subjected to the assay. For preparation of cell samples,
isolated cells were lysed in reducing Laemmli buffer (0.125
mol/L Tris-HCI/SDS, pH 6.8, 4% SDS, 20% glycerol, 10% B-mer-
captoethanol, 2.5% bromophenol blue) and boiled for 5 min-
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utes. After determination of protein concentration with the
BCA protein assay kit (Pierce Chemical, Rockford, IL), the
solubilized lysates were subjected to Western blot analysis by
separation of 10 or 30 pug protein per lane on Tris-glycine gels
prior to transfer onto polyvinylidine fluoride membranes (PALL
Corporation, Pensacola, FL) using standard protocols. Tris-
buffered saline with 0.5% Tween-20 (TBS-T) and 5% skim milk
was used to block nonspecific binding to the membrane. Anti-
bodies recognizing TRX (Redox Bio Science Inc), MIF (Santa
Cruz Biotechnology, Santa Cruz, CA), or S-actin (Abcam Lid,,
Cambridge, England) were added at a dilurion of 1:1000, and
the membranes were incubated overnight. The membranes were
washed 3 times in TBS-T, followed by incubation in TBS-T with
5% skim milk containing anti-rabbit IgG antibody conjugated
wich horseradish peroxidase (Amersham Pharmacia Biotech,
Buckinghamshire, England) at a 1:2000 dilution. Immunoreac-
tive bands were visualized using ECL peroxidase developing
solution (Amersham Pharmacia Biotech) and recorded on au-
toradiographic film (Amersham Pharmacia Biotech).

Statistical Analysis

All results were expressed as means * standard error
(SE). Pearson correlation coefficient analysis was used to exam-
ine the relarionship between serum TRX and CDAI or UCDAL
Parametric data were analyzed by the Student # test. A 2-tailed
P value of less than .05 was used to indicate staristical signifi-
cance.

Results

Serum Levels of TRX Were Increased in
Patients With Active IBD

Serum levels of TRX were significantly higher in pa-
tients with acrive CD and with active UC than in controls,
whereas those in patients with inactive CD and with inactive
UC were not significantly different from those in controls
(Figure 24). Patients with ischemic colitis also had significantly
higher serum TRX levels than those of controls, although their
levels tended to be lower than those of active CD and UC.
Furthermore, there were significant correlations between serum
TRX levels and CDAl in active CD patients, and between serum
TRX levels and UCDAI in active UC patients, indicating that
TRX levels correlate wich disease activity (Figure 2B and C). To
investigate the relationship between TRX and MIF, we mea-
sured serum levels of MIF in the same patients with active CD
and with active UC. Serum levels of MIF were also significantly
higher in patients with active CD and with active UC than in
controls (Figure 2D). There was a significant correlation be-
tween serum levels of TRX and MIF in patients with active CD
{Figure 2E), whereas no such correlation was found in patients
with active UC (Figure 2F).

Overexpression of PTRX Improved
DSS-Induced Colitis

To investigate whether overexpression of TRX amelio-
rates colonic inflammation in DSS-induced colitis, we used
TRX-TG and WT mice (Figure 14). During DSS administration,
the body weight of the mice gradually decreased. However, the
percentage loss of body weight in TRX-TG mice was signifi-
cantly lower at day 6 and day 7 than thar of WT mice (Figure
34). There were significant differences in colonic length and
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Figure 6. Prophylactic efficacy of thTRX on DSS-induced colitis. rTRX (5 mg/kg; TRX-treated group) or vehicle (vehicle-treated group) was
administered to DSS-treated mice by intraperitoneal injection from day 1 to day 9 (arrow). {A) Serial changes of percentage body weight in the
vehicle-treated group (open circle) and the TRX-treated group (sofid circle). (B) Colon length at day 10. (C) Representative distal colon sections
stained with H&8E. (a) WT mouse, {b) vehicle-treated colitis mouse, and (¢) thTRX-treated colitis mouse. (D) Histologic scores showing inflammation
severity, inflammation extent, crypt damage, and total colitis. Scores reflect evaluation of 2 segments of distal colon for each animal (n = 10, in each
group). Results are expressed as means * SE. *P < .05 and ™*P < .01 vs vehicle-treated group.

bloody stool score berween WT and TRX-TG mice at the end of
DSS administration (Figure 3B). DSS administration for 7 days
in WT mice produced an acute colonic inflammation. Histo-
logic analysis of distal colonic sections from DSS-treated WT
mice revealed multifocal inflammatory cell infileration and
edema with crypt and epithelial cell loss and ulceration. In
contrast, very little mucosal inflammation was observed in
colonic sections from DSS-treated TRX-TG mice (Figure 3C).
Histologic scores were significantly lower in TRX-TG mice than
in WT mice at the end of DSS administration (Figure 3D).

Overexpression of PYTRX Reduced Cytokine
Production in DSS-Induced Colitis

To investigate the effects of TRX on proinflammatory
cytokines in DSS-induced colitis, we evaluated the production
of TNF-a, IFN-vy, and MIF in the colonic tissues of mice. The
mean TNF-, IFN-y, and MIF concentrations in the superna-
tants of colon fragment culture were significantdy lower in
TRX-TG mice than in WT mice after DSS administration.
Although there were no differences in TNF-a and IFN-y con-
centrations between the 2 groups before DSS treatment, the
mean MIF concentration in TRX-TG mice was significantly
lower than in WT mice, even before DSS administration (Figure

4A~C). Western blot analysis revealed a similar tendency (data
not shown). These results might suggest that TRX regulate MIF
expression in colonic tissue.

Overexpression of hTRX Suppressed DSS-
Induced Increase in Servm MIF Levels

Serum MIF levels in DSS-treated WT mice were signif-
icantly elevared compared with untreated WT mice. Serum
levels of MIF were significantly lower in TRX-TG mice than in
WT mice, both before and after DSS administration (Figure 5).

Recombinant hTRX Administration
Attenunated DSS-Induced Colitis

To investigate whether exogenous TRX has therapeutic
efficacy in colitis, we administered thTRX intraperitoneally to
DSS-treated WT mice using both the prophylactic and thera-
peutic protocols (Figure 1B, a,b). In the prophylactic protocol,
the percentage loss of body weight from day 5 to day 10 was
significantly lower in the treated group than in the vehicle-
treated group (Figure 6A4). There was a significant difference of
colonic length between TRX-treated mice and vehicle-treated
mice (Figure 6B). Consistent with observations in the experi-
ment using TRX-TG mice, histologic assessment of distal co-
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Figure 7. Therapeutic efficacy of thTRX on DSS-induced colitis. thTRX {6 mg/kg; TRX-treated group) or vehicle (vehicle-treated group) was
administered to DSS-treated mice by intraperitoneal injection from day 3 1o day 9 (arrow). (4) Setial changes of percentage body weight in the
nontreated group {open circle) and the TRX-treated group (solid circle). (B) Colon length at day 10. (C) Representative distal colon sections stained
with H&E (a) WT mouse, {b) vehicle-treated colitis mouse, and (c) TRX-treated colitis mouse. (D) Histologic scores showing inflammation severity,
inflammation extent, crypt damage, and total colitis. Scores reflect evaluation of 2 segments of distal colon for each animal {n = 10, in each group).
Results are expressed as means * SE. "P < .06 and *"P < .01 vs vehicle-treated group.

lonic sections indicated that rthTRX administration reduced
tissue damage such as inflammacory cell infiltracion, crypt loss,
and ulceration (Figure 6C). Each of the histologic scores in
TRX-treated mice was significantly lower than in nontreated
mice (Figure 6D).

Similar to the results in the prophylactic protocol, the per-
centage loss of body weight and shortening of the colon were
significantly lower in TRX-treated mice than vehicle-treated
mice in the therapeutic protocol (Figure 74 and B). Histologi-
cally, TRX administration reduced tissue damage (Figure 7C)
and histologic scores compared with vehicle administration
(Figure 7D).

Administration of Anti-TRX Antiserum
Exacerbated DSS-Induced Colitis With
Increase in Serum MIF Levels

To investigate the role of endogenous TRX in the at-
tenuation of DSS-induced colitis, we used anti-mouse TRX
antiserum to neutralize the endogenous TRX. With regard to
percenrage weight change, colon length, and histologic feature,
neutralization of TRX by anti-TRX antiserum resulted in
marked exacerbation of DSS-induced colitis, whereas the con-
trol serum had no such effect (Figure 8A-D). Notably, the
neutralization of TRX significantly increased serum levels of
MIF in DSS colitis mice (Figure 8E).

Effects of rbTRX on Colonic Inflammation of
IL-10 KO Mice

All IL-10 KO mice treated with thTRX or PBS survived
the study. Histologic examination of colonic tissue from PBS-
treated IL-10 KO mice demonstrated epithelial hyperplasia,
crypt abscesses, and severe acute and chronic cellular infiltra-
tion in the lamina propria (Figure 9B). In contrast, thTRX (5.0
mg/kg) administration improved marked colonic inflammation
in IL-10 KO mice (Figure 9C). As shown in Figure 9D, colonic
histologic scores in 1L-10 KO. mice treated with thTRX were
significantly lower than in those treated with PBS alone.

rhTRX Suppressed MIF Production In Vitro

We investigated the in vitro effect of thTRX on MIF
production in a human macrophage-like cell line, THP-1. West-
ern blot analysis and ELISA revealed that thTRX dose-depen-
dently reduced not only MIF production but also its release
induced by LPS and IFN-y (Figure 10A and B).

Discussion

The present study demonstrated that serum TRX levels
were significantly higher in patients with IBD than in normal
controls and were significantly correlated with disease activity.
More importantly, overexpression of hTRX or administration
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Figure 8. Exacerbating effect of anti-TRX antiserum on DSS-induced colitis. One hundred microliters/body of anti-TRX antiserum (anti-TRX
group) or normal rabbit serum {rabbit serum group) was administered to DSS-treated mice by intraperitoneal injection on days 0, 1, and 3 (arrow).
(4) Serial changes of percentage body weight in the rabbit serum group (open circle) and the anti-TRX group (sofid circle). (B) Colon length at day 10.
{C) Representative distal colon sections stained with H&E (a) wild-type (WT) mouse, (b) normal rabbit serum-treated colitis mouse, and (¢) anti-TRX
antiserum-treated colitis mouse. (D) Histologic scores showing inflammation severity, inflammation extent, crypt damage, and total colitis. Scores
reflect evaluation of 2 segments of distal colon for each animal (n = & in each group). (E) Serum MIF levels of WT mice, anti-TRX group, and rabbit
serum group (n = 5 in each.group) were determined by ELISA at day 10. Results are expressed as means = SE. *P < .05 and **P < .01.
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Figure 9. ‘Administration of rhTRX ameliorated histopathologic features in 1L-10 KO mice. Representative proximal colon sections stained with
H&E. {A) WT mouse, (B) PBS-treated IL-10 KO mice (KO-PBS), and (C) rhTRX-treated IL-10 KO mice (KO-TRX). (D) Inflammatory score. Results are
expressed as means * SE. *P < .05 between KO-PBS and KO-TRX.
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Figure 10. Effect of exogenous rhTRX on MIF expression in THP-1
cells. THP-1 cells were cultured in 12-well plates in RPMI complete
medium with 16 nmol/L phorbol-12-myrisate 13-acetate for 12 hours
and then incubated in RPMI complete mediumin the presence of hTRX
{absence, 0.01, 0.1, and 1 nmol/L). Cells were harvested 12 hours after
stimulation with 1 ug/mL LPS and 10 ng/mL IFN-y in RPMI complete
medium. Control cells were cultured without TRX, LPS, and IFN-vin the
same conditions (NC). {4) Western blot measurement of MIF in cell
samples was performed as described in the Materials and Methods
section. Results are expressed as relative band intensity quantified by
densitometric analysis of MIF expression normalized with g-actin ex-
pression. (B) MIF released into supernatants of cultured THP-1 cells.
Bars represent mean values * SE of 3 independent experiments. *P <
.05 and **P < .01 vs control. NS, not significant.

of thTRX decreased the severity of DSS-induced colitis in mice
as shown by clinical, histologic, and immunologic parameters.
Moreover, administration of thTRX decreased the severity of
colonic inflammation in IL-10 KO mice. These findings strongly
suggest thar TRX is involved in the pathophysiology of IBD and
thar TRX has a therapeutic effect on experimental colisis.

TRX 1s induced in various inflammartory conditions and has
a role in preserving cellular homeostasis through maintaining
the redox stare. Increased ROS levels and oxidative damage
occur in inflamed mucosa of patients with IBD7 and ischemic
coliris,®* and such an imbalance in the redox state appears to
induce TRX production?? Therefore, it is possible to speculate
that the elevation of serum TRX levels is a host defense re-
sponse against oxidative stress in patients with colitis such as
IBD and ischemic colitis. _

One important issue for this study was to clarify the mech-
anisms by which TRX attenuates colitis. For this purpose, we
used the DSS-induced colitis model in mice, which is a well-
established model of colonic inflammation.35 Colonic inflam-
mation induced by DSS administration is mainly attributed to
direct chemical injury of colonic epithelial cells by DSS, with a
resultant increase in oxidative stress and activation of macro-
phages.?¢37 Previous studies reported that overexpression or
administration of antioxidants reduces oxidative stress in ex-
perimental colitis models.?®-40 In this study, we clearly demon-
strated that TRX ameliorated DSS-induced colonic inflamma-
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tion. TRX down-regulated TNF-, IFN-y, and MIF production
from cultured colon strips of DSS-induced colitis mice. In
addition, rhTRX decreased the severity of colonic inflammation
in IL-10 KO mice, a typical model of T-cell-mediated colitis, as
documented by the histologic parameters. This beneficial effect
was similar to results in the acute DSS model.

It should be emphasized that, in the present study, colonic
and serum MIF levels were lower in TRX-TG mice than in WT
mice before DSS administration, as is in contrast with TNF-«
and IFN-vy that showed similar levels between TRX-TG and WT
mice before the treatment. Therefore, it is possible that down-
regulation of MIF levels is more important than that of TNF-«
or IFN-vy for the ameliorating effect of TRX on colonic inflam-
mation. Thus, to clarify furcher the direct relationship between
TRX and MIF in vivo, we exarnined whether neutralization of
TRX affects MIF production. As expected, administration of
anti-TRX antiserum resulted not only in exacerbation of DSS-
induced colitis but also an increase in serum MIF levels. Fur-
thermore, in vitro studies demonscrated that thTRX down-
regulated MIF production and its release from THP-1 cells,
suggesting that TRX and MIF counteract each other.

MIF was originally identified as a lymphocyte mediator that
inhibits macrophage migration.*42 Thus, MIF has been as-
sumed to have anti-inflammatory activities. MIF, however, in-
duces various inflammatory cytokines,*? nitric oxide, and su-
peroxide anions.** Moreover, MIF enhances macrophage and
lymphocyte proliferation.*s During inflammatory processes,
MIF is produced mainly by activated macrophages and lympho-
cytes*® and has an important role in the pathophysiology of
inflammatory conditions, such as septic shock, rheumatoid
arthritis, and lung diseases.*6 Accordingly, MIF is now believed
to have a potent inflammartory action rather than an and-
inflammatory action. Because of its potent inflammatory effect,
MIF is also thought to be involved in the pathogenesis of IBD.
In fact, as shown in this study, serum MIF levels are increased
in patients with UC and CD.?#* Moreover, trinitrobenzene sul-
fonic acid does not induce colitis in MIF-deficient mice, and
transfer of CD45RBhi T cells from MIF-deficient mice to severe
combined immunodeficieny mice also does not induce colitis.*
In addition, administration of anti-MIF antibody ameliorated
DSS-induced colitis.®> Taken together with our present study,
MIF appears to have an important role in the development of
IBD.

The TRX superfamily contains a conserved catalytic site
consisting of a Cys-X,-X,-Cys sequence that is essential for its
oxidoreductase activity.*” Interestingly, MIF has a similar con-
served catalytic site consisting of Cys¥’-Ala-Leu-Cys®® (CALC
motif); the CALC motif is indispensable for MIF activity.48.4¢
Thus, MIF is now included in the TRX superfamily. However,
the MIF activity is very different from that of TRX in several
areas. For example, in contrast to TRX, MIF induces ROS and
does not have an antioxidative activity. Furthermore, MIF in-
hibits the anti-inflammatory and immunosuppressive effects of
steroids,** whereas TRX directly interacts with the glucocorti-
coid receptors in the nucleus, allowing transcriptional activa-
tion of the glucocorticoid receptor under oxidative condi-
tions.*® MIF also down-regulates activity of peroxiredoxin-1
that exhibits antioxidative effects by reducing electrons pro-
vided by TRX51-5% In these respects, overexpression of intracel-
lular rthTRX down-regulates MIF production in Jurkac T cells.?2
In support of our previous data, we also demonstrated that
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exogenous TRX inhibits production and release of MIF from a
human monocyte cell line. Moreover, we clearly showed that
blocking of TRX activity resulted in the increase of serum MIF
levels coupled with exacerbation of DSS-induced acute colitis in
mice. Taken together, our study suggests that TRX and MIF
counteract each other in various aspects during the inflamma-
tory process.

In conclusion, we demonstrated that TRX is involved in the

pathophysiology of IBD. Moreover, we showed that TRX ame-
liorates colonic inflammation not only by its antioxidative and
anti-inflammatory effects but also by down-regulating MIF pro-
duction. Considering the potent protective role of thTRX in
experimental colitis, rhTRX might be a new therapeutic mole-
cule for treatment of IBD.
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Abstract

Helicobacter hacteria colonize in the stomach and induce strong, specific local and systemic humoral
and cell-mediated immunity. Helicobacter binds to the host epithelial cells, directly triggering the
recruitment of neutrophils. Local inflammatory processes in the gasiric mucosa are followed by
extensive immune cell infiliration, resulting in chronic active gastritis characterized by a marked
infiltration of T,1 cytokine-producing CD4™ T cells. The mechanisms underlying the development of
Tyl cell-mediated chronic gastritis, however, are not clear. Peyer’s paiches (PPs), the major inductive
sites for mucosal immunity in the gut system, might orchestrate Helicobacter-specific local and systemic
humoral and cell-mediated immunity. To examine the roles of PPs in the development of Helicobacter-
induced gastritis, we generated PP-null mice that normally develop well-organized lymphoid organs
except for PPs and intra-gastrically infected the resulting PP-null mice with Helicobacter felis. PP
deficiency severely impaired both the development of T,,1 cell-mediated gastritis induced by
Helicobacter and the production of anti-Helicobacter antibodies despite marked bacterial colonization
of the gastric mucosa. Although PP deficiency did not impair the differentiation of Helicobacter-specific
CD4™ T cells into IFN-y—producing Ty1 cells, Helicobacter-specific IFN-y—producing CD4" T cells in
PP-null mice lacked the ability to migrate into Helicobacter-colonized gastric mucosa. These findings
suggest that PPs have an important role in Helicobacter-specific local and systemic humoral and celi-
mediated immunity, including the development of Helicobacter-induced gastritis.

Introduction

Helicobacter bacteria colonize in the stomach and induce
strong, specific local and systemic humoral and cell-medi-
ated immunity (1, 2). Helicobacter does not invade epithelial
cells of the gastric mucosa, but binds to the host epithelial
cells (8, 4). Helicobacter activates signal transduction mole-
cules in the epithelial celis and induces up-regulation of |L-8
expression, directly triggering the recruitment of neutrophils
(5-8). The innate immunity mediated by neutrophils and
macrophages is involved in the local inflammatory pro-
cesses in the acute phase of gastritis, whereas the adaptive
immunity mediated by infilirating T cells and B cells has
a major role in the chronic phase of gastritis and in specific
humoral responses (1, 2).

Helicobacter-induced chronic gastritis, which triggers the
development of peptic ulcer diseases, gastric adenocarci-

noma, and mucosa-associated lymphoid tissue (MALT) lym-
phoma in humans (1, 2, 9), is characterized by a marked
infiltration of CD4™ T cells, which produce large amounts of
Th1 cytokines (10, 11). The mechanisms underlying the de-
velopment of Ty1 cell-mediated chronic gastritis induced by
Helicobacter are not fully understood. Although the gastric
mucosa originally does not have a lymphoid apparatus (12),
Helicobacter-induced local inflammatory processes in innate
immunity might trigger gastric T cell expansion and B cell
differentiation. Because Helicobacter antigens can easily ac-
cess the intestinal lumen distal to the stomach, however, it
might be that these antigens induce mucosal immune
responses in the well-organized MALT of the intestine.
Peyer's patches (PPs) are the major inductive sites for MALT
in the gut system (13). The microfold cells (M cells) residing
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in the follicle-associated epithelium overlying PPs efficiently
take up luminal antigens and micro-organisms. Resident
PP-dendritic cells (DCs) process and present these mole-
cules to T cells and orchesirate immune responses to
luminal antigens and pathogens, including specific Ig pro-
duction and T,1 cell-mediated immune responses (14-17).
Therefore, PPs may have a role in inducing both the
recruitment of the Helicobacter-specific Th1 cells into the
Helicobacter-colonized gastric mucosa and the differentia-
tion of anti-Helicobacter antibody-producing cells.

Because |L-7Ru signal has an essential role in the embry-
onic formation of PPs, administration of anti-IL-7Ra blocking
mAb into C57BL/6 (B6) pregnant mice can transplacentally
disturb PP formation in the offspring (18). The PP-null off-
spring normally develop well-organized lymphoid organs
except for PPs (14, 18, 19). To examine the in vivo role of
PPs in the development of Helicobacterinduced gastritis
and in the production of anti-Helicobacter antibodies, we
generated PP-null B6 mice by administering anti~l{L-7R«
mAb to B6 pregnant mice, then intra-gastrically infected the
resulting PP-null mice with Helicobacter felis (H. felis). The
development of Helicobacterinduced gastritis and the pro-
duction of anti-Helicobacter antibodies were severely im-
paired in Helicobacterinfected PP-null mice, despite the
marked colonization of bacteria in the gastric mucosa.
These findings suggest that PPs have an essential role in
the host immune response to Helicobacter infection.

Methods

Mice

B6 were purchased from Japan SLC (Shizuoka, Japan) and
mated in our animal facility. Female and male mice were mated
overnight, and those with a vaginal plug were judged to be
pregnant. Noon of the day when the vaginal plug was found
was considered to be gestation day 0.5. We obtained manipu-
lated PP-null B6 mice as described previously (18). In brief,
timed-pregnant B6 mothers were intra-peritoneally injected
with IL-7Ra blocking mAb (2 mg; A7R34, a kind gift from S.
Nishikawa, Kobe, Japan) on gestation day 14.5. All mouse
protocols were approved by the Institute of Laboratory Ani-
mals at the Kyoto University Graduate School of Medicine.

Helicobacter felis and infection

Helicobacter felis is a gastric Helicobacter that colonizes in
the stomach of laboratory mice, dogs and cats, and can in-
duce chronic active gastritis (20-24). Helicobacter felis
(ATCC49179) was purchased from the American Type Cul-
ture Collection (Rockville, MD, USA). The bacteria were
grown in Brucella broth at a titer of 1 X 10° organisms per
ml. The bacterial suspension was stored at —80°C until use.
Normal B6 and PP-null mice (8 weeks old) were inoculated
with 0.5 ml of bacterial suspension into the stomach using
a steel catheter.

Bacterial staining

Helicobacter felis was labeled with the red fluorescent lipo-
philic dye PKH26, using a PKH26 red fluorescent cell linker
mini kit (Sigma, St. Louis, MO, USA). Helicobacter felis was
harvested from the culture medium, washed twice with PBS,

adjusted to 4 X 10® mi~" with labeling buffer and incubated
with an equal volume of a PKH26 dilution (1:250 in labeling
buffer) for 5 min at 25°C. The reaction was stopped with
PBS containing 1% BSA. Stained bacteria were then washed
three times with complete medium, and were finally resus-
pended in Brucella broth to a concentration of 1 X 108 m(~".
Fluorescence emission of bacteria was determined by fluo-
rescence microscope before oral administration. Three days
after inoculation of bacteria, mice were sacrificed, and the
PPs and small intestines were immediately removed and
were frozen for immunohistochemistry.

Immunohistologic analysis

Fluorescence immunohistology was performed on frozen
sections as follows using FITC-conjugated anti-CD11¢ (HL3,
BD Biosciences, San Jose, CA, USA), anti-CD4 (RM4-5, BD
Biosciences) or anti-CD8 (53-8.7, eBioscience, San Diego,
CA, USA). Sections of 6 um were cut from tissue blocks and
mounted onto glass slides. The sections were air-dried for
30 min, fixed in acetone for 5 min and blocked with PBS
containing 10% non-fat dried milk for 30 min. The sections
were stained with FITC-conjugated antibodies for 1 h. After
the final wash, the slides were mounted by Vectashield
(Vector Laboratories, Burlingame, CA, USA) and examined
under a fluorescence microscope. In case of chemokine re-
ceptor staining, after using Avidin/Biotin Blocking kit (Vector
Laboratories), the sections were stained with anti-CC che-
mokine receptor (CCR)-9 (242503, R&D Systems, Minneapo-
lis, MN, USA) for 1 h, followed by staining using Vectastain
Elite ABC Kit (Vector Laboratories) according to the manu-
facturer's instructions. And lastly the sections were incu-
bated with Texas Red Avidin D (Vector Laboratories) or
FITC-conjugated streptavidin (eBioscience) for 30 min.

Histologic examination

Mice were sacrificed 6-12 weeks after inoculation, and the
stomachs, spleens, mesenteric lymph nodes (MLN), PPs
and small intestines were immediately removed. Half of the
stomach was collected for the assessment of H. felis coloni-
zation and histologic examination. Tissues were fixed in neu-
tral buffered formalin, embedded in paraffin wax and cut into
4-um thick sections. These sections were stained with hema-
toxylin ‘and eosin for histopathology and May-Giemsa for
the assessment of H. felis colonization. The other half of
the stomach was frozen for immunochistochemistry. The
degree of gastritis was determined according to the
semi-quantitative scoring system as described previously
(25). Chronic inflammation, characterized by the infiltration
of mononuclear cells, was graded from 0 to 3, where 0 = no
increase in the number of inflammatory cells, 1 = slight infil-
tration of the lamina propria (LP) by lymphocytes and
plasma cells, 2 = moderately dense infiltration of the LP by
lymphocytes and plasma cells and 3 = very dense lympho-
plasma-cell infiltration in the LP. Activity, characterized by
the presence of polymorphonuclear leukocytes, was graded
from O to 3, where 0 = no increase in inflammatory cells,
1 = scattered neutrophils in the LP with no leukopedesis in
the region of the gastric pits, 2 = moderate number of neu-
trophils in the LP with microabscesses in the region of the
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gastric pits and 3 = extensive neutrophils in the LP with ob-
vious cryptitis. Atrophic changes were graded from 0 to 3
according to the loss of specialized cells, chief and parietal
cells, (0 = no loss, 1 = mild loss of specialized cells, 2 =
moderate loss of specialized cells and 3 = severe loss of spe-
cialized cells). The degree of colonization of H. felis in the
infected gastric mucosa was assessed by the semi-quantita-
tive scoring system as described previously (25). Bacterial
colonization was graded from 0 to 4, where 0 = no bacteria,
1 = 1-2 bacteria per crypt, 2 = 3-10 bacteria per crypt, 3 =
11-20 bacteria per crypt, and 4 = >20 bacteria per crypt.

ELISA

An ELISA was used to measure serum levels of anti-H. felis
antibody as described previously (26). Helicobacter felis
antigens were extracted by sonication of bacteria in tris-
buffered saline (pH 7.4, 0.01 mol I7"). Duplicate wells of
microtiter plates (Nunc, Roskilde, Denmark) were incubated
with antigens (100 ug mi~") in PBS for 16 h at 4°C. The wells
were blocked with PBS containing 2.5% non-fat dried milk
and then incubated for 2 h at room temperature with serial
dilutions of sera. The wells were then incubated with HRP-
labeled goat anti-mouse IgG or goat anti-mouse IgA (Serotec,
Oxford, UK) diluted at a predetermined concentration for 24 h
at 4°C. After rigorous washing, each well was reacted with
a substrate (o-phenylenediamine, Nacalai tesque, Kyoto,
Japan) solution for 15 min. The reaction was terminated us-
ing 25 wl of 2 mol 17! H,S0,, and optical denstiy (OD) was
determined using a microplate reader set to 490 nm.

For quantitation of serum g isotype levels, serum samples
were diluted to 1:24 000 for IgM, 1:120 000 for IgG and
1:6000 for IgA in PBS, were incubated in microtiter plates
coated with antibodies to each isotype and then with alka-
line phosphatase (AP)-labeled isotype-specific antibodies
(Southern Biotechnology, Birmingham, AL, USA). ELISA
color development was performed using phosphatase sub-
strate p-nitrophenyl phospatate tablets (Sigma), and OD
was determined using a microplate reader set to 405 nm.

Adoptive transfer

A total of 1.0 X 107 spleen cells from H. felis-infected or un-
infected normal B6 and PP-null mice were injected intra-
peritoneally three times every 4 days into H. felis-infected or
uninfected RAG2™/~ recipient mice. After 6 days after the
completion of transfer, the mice were Killed, and the spleen,
small intestine and stomach were analyzed by immunohisto-
logic staining with FITC-conjugated anti-CD4.

Flow cytometry

The following mAbs were used: FITC-conjugated anti-CD4
(RM4-5), biotinylated anti-CCR5 (C34-3448), allophycocyanin
(APC)-conjugated anti-CD4 (GK1.5), anti-IFN-y (XMG1.2) and
PE-conjugated anti-adB7 (DATK32) purchased from BD
Biosciences and PE-conjugated anti-CCR6 (140706) and
anti-CCR9 (242503) from R&D Systems. FITC-conjugated
anti-CD8a (53-6.7) and PE-streptavidin was from eBio-
science. For intracellular cytokine production, single cells
were isolated from the spleen and cells were seeded at 4 X
10° per well in flat-bottomed 24-well plates in the presence
of 4 x 10% mI~" H. felis antigens. After 18 h of culture, cells
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were washed twice and re-stimulated with 50 ng mi~" phor-
bol myristate acetate (PMA) (Sigma) + 2 ug mi~" ionomycin
(Sigma). After 3.5 h, brefeldin A (Sigma) was added at 10
ug mi~". After 2.5 h, cells were collected, and stained for
cell-surface molecules. Cells were fixed and permeabilized,
using Fix & Perm Cell Permeabilization Kit (Caltag Laborato-
ries, An Der Grub, Austria), and stained with APC-conju-
gated anti-IFN-y. Flow cytometric analysis was performed
as described previously (27).

Real-time quantitative reverse transcription-PCR

The gastric tissues of B6 mice before and 1 day, 2 weeks, 4
weeks, and 12 weeks after H. felis infection were used for
realime quantitative reverse transcription (RT)-PCR. Total
RNA was extracted with the Qiagen RNeasy mini kit (Qiagen).
RTwas done with SuperScript RT I (Invitrogen, Carlsbad, CA,
USA). The real-time quantitative reactions were performed
with AB! Prism 7300 detection system (Applied Biosystems,
Foster City, CA, USA) according to manufacture’s instructions.
The following primers were used: thymus-expressed chemo-
kine (TECK): 5-CCGGCATGCTAGGAATTATCA-3 and 5- GGC-
ACTCCTCACGCTTGTACT-3 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH): 5-CAACTTTGTCAAGCTCATTTCC-3
and 5-GGTCCAGGGTTTCTTACTCC-3. Values are expressed
as arbitrary units (relative to GAPDH x10°).

Resulis

Helicobacter can be taken up by PPs in association with
CD11c” cells in PPs

Because PPs are the major inductive sites for MALT in the gut
system and efficiently take up luminal antigens and micro-
organisms, we first examined whether Helicobacter can be
taken up by PPs more efficiently than by the other sites of
the small intestine. Helicobacter felis was labeled by a red
fluorescent dye PKH26 and PKH-conjugated H. felis was
intra-gastrically injected into B6 mice. Immunohistologic anal-
yses using frozen sections of the small intestine 3 days after
the injection showed that PKH-H. felis antigens were mainly
located in the dome regions of PPs comparing with other
sites of the small intestine (Fig. 1 and data not shown). Visual-
ized H. felis antigens were localized in the CD11c¢* cells
(Fig. 1). These results suggest that Helicobacter can be taken
up by PPs more efficiently than the other sites of the small in-
testine and that CD11c* cells in PPs take up H. felis antigens
and may induce Helicobacter-specific antigen priming.

PP-null mice develop well-organized lymphoid organs
except for PPs

Helicobacter infection induces chronic gastritis that is char-
acterized by a marked infiltration of CD4* T cells and the in-
filtrating CD4* T cells have a major role in the chronic phase
of gastritis (10, 11). In addition, Helicobacter infection indu-
ces B cell activation and specific humoral responses (1, 2).
We first examined whether uninfected PP-null mice develop
well-organized lymphoid organs except for PPs. In unin-
fected PP-null mice, the thymus normally developed and the
absolute numbers of CD4*, CD8* T cells and B cells in the
spleen, MLN and inguinal lymph nodes (ILN) were compara-
ble with those in B6 mice (Fig. 2A and B, and data not
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Peyer's patch

PKH-conjugated
H. felis

L

intragastrical
inoculation

KH-Hf

Fig. 1. Immunohistologic findings of PPs in normal B6 mice after inoculation of PKH-conjugated H. felis. Helicobacter felis was labeled by a red
fluorescent dye PKH26 and PKH-conjugated H. felis was intra-gastrically inoculated into B6 mice (A). After 3 days after the inoculation, the small
intestine were isolated and stained with FITC-conjugated anti-CD11c antibody. PKH-conjugated H. fefis antigens (red) were mainly located in the
dome regions of PPs (arrow head, C and 1). Visualized H. felis antigens were localized in the CD11c™ cells (B-D and H-J). (E-G) and (K)—(M) are
shown controls of PPs in the uninoculated mice. (H)-(M) are shown in the dome regions of PPs. Original magnification: X 100-400 as shown in the

panels.

shown). The peritoneal cavity contained a comparable num-
ber of the lymphocytes and the percentages of B cell sub-
sets (data not shown). In addition, the serum levels of IgM,
IgG and IgA in uninfected PP-null mice were similar to those
in B6 mice (Fig. 2C). These data suggest that cellular com-
position of the remaining lymphoid organs and general hu-
moral responses are normal in PP-null mice as described
previously (14, 18, 19).

Development of Helicobacter-induced gastritis was
impaired in Helicobacter-infected PP-null mice

Because B6 mice are sensitive to H. felis infection (21),
infected B6 mice develop chronic active gastritis 12 weeks
after H. felis infection, which mimics the pathologic features
observed in Helicobacter pylor-induced gastritis in humans
(21, 26). To examine the in vivo role of PPs in the develop-
ment of Helicobacterinduced gastritis, we intra-gastrically
infected PP-null and B6 mice with H. felis. Twelve weeks af-
ter H. felis infection, macroscopic examination revealed that
the gastric mucosa was thicker in H. felis-infected B6 mice,
but not in H. felis-infected PP-null mice (data not shown).

Histologic examination revealed that the gastric mucosa in
H. felis-infected B6 mice had chronic gastritis with severe
lymphocyte infiltration, loss of parietal and chief cells and
hyperplasia of the mucus neck cells (Fig. 3A). These find-
ings were further confirmed by a gastritis scoring system
that evaluates (i) chronic inflammation, characterized by the
infiltration of mononuclear cells; (i) activity, characterized by
the presence of polymorphonuciear leukocytes and (iii) atro-
phic changes based on the loss of parietal and chief cells
(Fig. 3B). In contrast, H. felis-infected PP-null mice showed
limited inflammation of the gastric mucosa without any glan-
dular atrophy or foveoclar hyperplasia (Fig. 3A and B). These
data suggest that PP-null mice do not develop Helico-
bacterinduced chronic active gastritis.

Anti-Helicobacter antibody production was impaired in
Helicobacter-infected PP-null mice

To examine whether PP deficiency influences the production
of anti-Helicobacter antibodies, we used an ELISA to exam-
ine the serum levels of anti-H. felis antiobodies in normal B6
mice and PP-null mice 12 weeks after H. felis infection. The
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Fig. 2. Cellular composition of the lymphoid organs and general humoral responses in uninfected normal B6 and PP-null mice. (A) We isolated
cells from the spleen (SPL), MLN, ILN and PP of uninfected normal B6 (C57BL/6 wild type; WT) and PP-null mice (PP null), and stained cells with
APC-conjugated anti-CD4 and FITC-conjugated anti-CD8 antibodies. Percentages of CD4™ and CD8* T cells in the total viable cells are shown.
(B) Numbers of CD4* and CD8* T cells in each lymphoid organs were calculated by (percentage of indicated cells in viable cells) X {number of
viable cells). The data are representative of three mice ND, not detected (C) The serum levels of total IgM, 1gG and IgA determined by ELISA.
Bars indicate the mean of each group and hotizontal short bars indicate the standard deviation. Student's unpaired ttest was used to compare

the values between two groups. NS, not significant,, P> 0.05.

increases in serum anti-H. felis IgG and IgA levels in H. felis-
infected PP-null mice were significantly smaller than those in
H. felis-infected B6 mice (Fig. 4A). In addition, although
anti-H. felis antibody titers were proportional to the gastritis
scores in H. felis-infected B6 mice, there was no such ten-
dency in H. felis-infected PP-null mice (Fig. 4B). These
results suggest that PP deficiency impairs not only the devel-
opment of Helicobacter-induced gastritis but also the produc-
tion of anti-Helicobacter antibodies. Although previous
studies showed that antibody production can reduce the se-
verity of the gastric inflammation in Helicobacter infection
(28, 29), our results suggest that the impairment of the devel-
opment of H. felis-induced gastritis is not due to excessive
production of pathogen-specific antibodies in PP-null mice.

Helicobacter felis markedly colonized in the gastric mucosa
of H. felis-infected PP-null mice

To evaluate the possibility that A. felis infection in PP-null
mice was quickly resolved, and did not result in chronic in-
flammation of the gastric mucosa, we examined the degree
of H. felis colonization in H. felis-infected PP-null mice. Al-
though H. felis-infected PP-null mice did not develop gastri-
tis, H. felis was extensively colonized in the gastric mucosa
of these mice and the colonization scores in PP-null mice
were significantly higher than those in normal B6 mice
(Fig. 4C and D), excluding the possibility of a colonization

defect or a quick resolution for H. felis infection in H. felis-
infected PP-null mice.

PP deficiency did not impair the differentiation of Helicobacter
felis-specific T cells into T,1 cells

Helicobacterinduced chronic gastritis is characterized by
a marked infiltration of IFN-y—producing CD4" T cells. To
investigate whether the differentiation of H. felis-specific
T cells into Ty cells is impaired in H. felis-infected PP-null
mice, we isolated spleen cells from normal B6 and PP-null
mice 6 weeks after H. felis infection and cultured them in
the presence of H. felis antigens followed by stimulation with
PMA and ionomycin. IFN-y production was assessed by
intraceliular cytokine staining followed by flow cytometry.
Helicobacter felis-specific re-stimulation induced a increase
in IFN-y—producing CD4* T cells in the spleen cells of
H. felis-infected B6 mice as compared with those in unin-
fected B6 mice (data not shown). Importantly, re-stimulation
of H. felis antigens also induced IFN-y—producing CD4*
T cells in the spleen cells of H. felis-infected PP-null mice.
After H. felis antigen re-stimulation, the percentage of IFN-
v—producing cells in CD4* T celis of H. felis-infected PP-null
mice (0.83 = 0.38) was not significantly lower than that of H.
felis-infected B6 mice (0.96 = 0.49). These results suggest
that PP deficiency does not impair the differentiation of H.
felis-specific T cells into Th1 cells.
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Fig. 3. Histologic findings of the gastric mucosa and gastritis score of
H. felis-infected normal B6 and PP-null mice. (A) H. felis-infected B6
mice (C57BL/6 WT) developed chronic active gastritis 12 weeks after
infection. H. felis-induced gastritis was characterized by a marked
infiltration of lymphocytes, glandular atrophy, and mucosal hyperpla-
sia (right upper panel). In contrast, H. felis-infected PP-null mice (PP
null) showed no inflammation of the gastric mucosa, and no glandular
atrophy or foveolar hyperplasia (right lower panel). Original magni-
fication: x100. (B) The degree of gastritis was determined according
to the semi-quantitative scoring system, as described in Methods.
Closed bars indicate the mean of each group; horizontal short
bars indicate the standard error. Student’s +test for unpaired data
was used to compare the values between two groups. Asterisks
indicate P < 0.05.

PP deficiency did not alter the migration of gut-homing T cells
to the LP of the small intestine, but severely impaired
Helicobacter felis-specific T cell infiltration into the stornach

PP-DCs direct immune responses to luminal antigens and
pathogens, determining the migration of CD4* T cells into
MALT in the gut system (15). Therefore, we performed immu-
nohistologic examination to assess the migration capacity of
non-specific conventional gut-homing CD4" T celis into the
small intestine and that of H. felis-specific CD4™ T cells into
the gastric mucosa after H. felis infection.

Before and after H. felis infection, the LP of the small intes-
tine contained a comparable number of CD4* T cells in both
B6 and PP-null mice, suggesting that PP deficiency does
not alter the migration capacity of non-specific conventional
gut-homing CD4™ T cells in the physiological MALT system
(Fig. 5A-F). In contrast to the small intestine, because of the
absence of physiological MALT system in the gastric mu-
cosa, gastric mucosa of both normal B6 mice and PP-null
mice do not have any CD4" T cells before H. felis infection
(Fig. 5G and J). After H. felis infection, infiltrating lympho-
cytes in the gastric mucosa of B6 mice mainly consisted
of CD4* T cells, but not CD8" T cells, whereas neither CD4*
T cells nor CD8" T cells were detected in the gastric mucosa
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Fig. 4. The serum levels of anti-H. felis igG and igA and H. felis
gastric colonization in H. felis-infected normal B6 and PP-null mice.
(A) Serum levels of anti-H. felis antibodies in normal B6 (C57BL/6 WT)
and PP-null mice (PP nulf) with (closed bar) or without {open bar) H.
felis infection. Anti-H. felis IgG is shown in the left panet and IgA in the
right panel. We used ELISA to examine anti-H. felis antibodies 12
weeks after H. felis infection. Bars indicate the mean of each group
and horizontal short bars indicate the standard error. Student’s
unpaired iest was used to compare the values between two groups.
Asterisks indicate P < 0.05. (B) Relationship between serum levels of
anti-H. felis antibodies and gastritis score in H. felis-infected normal
B6 (open circle) and PP-null mice (closed circle). The degree of
gastritis was assessed as described in the Methods. (C) Helicobacter
felis-infected PP-null mice showed marked colonization of H. felis in
the gastric mucosa (arrow head). Original magnification: x400. (D)
Helicobacter felis colonization score in H. fefis-infected PP-null mice
(PP nulf) was significantly higher than that in H. felis-infected normal B
mice (C57BL/6 WT). The degree of H. felis colonization in the infected
gastric mucosa was assessed as described in the Methods. Bars
indicate the mean of each group. Student's unpaired t-test was used to
compare the values between two groups. Asterisk indicates P < 0.05.

of PP-null mice (Fig. 5H, |, K and L and data not shown),
suggesting that the bacteria colonization in the stomach
induces the infiltration of CD4* T cells in normal B6 mice,
but not in PP-null mice. These data suggest that PP defi-
ciency may not alter physiological migration of gut-homing
T cells to the LP of small intestine, but may impair the in-
filtration of H. felis-specific CD4™ T cells into the H. felis-
colonized gastric mucosa.

To test this possibility further, we transferred spleen cells
from PP-null and B6 mice into the peritoneal cavity of
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Fig. 5. Immunohistologic findings of small intestinal and gastric mucosa of uninfected and H. felis-infected normal B6 and PP-null mice. (A-F)
The LP of small intestine contained a comparable number of CD4™ T cells in both normal B6 (WT) and PP-null mice regardiess of the presence of
the H. felis infection. (G-L) In contrast, because of the absence of physiological MALT system in the gastric mucosa, gastric mucosa of both
normal B6 and PP-null mice do not have any CD4* T cells before H. felis infection (G and J). After H. felis infection, infiltrating lymphocytes in the
gastric mucosa of H. felis-infected B6 normal mice (H and I) mainly consisted of CD4* T cells, whereas few CD4" T cells were detected in the
gastric mucosa of H. felis-infected PP-null mice (K and L). HE, hematoxylin and eosin staining of the same views shown with anti-CD4 antibody

staining. Original magnification: X100.

BAGZ'~ mice and analyzed lymphoid tissues 6 days after
the completion of transfer. When we transferred spleen cells
from uninfected PP-null and B6 mice into uninfected RAGZ™~
mice, a large number of CD4" T cells could be detected in
the LP of small intestine but not in the gastric mucosa of re-
cipient uninfected mice regardless of the presence of the
PP in donor mice (Fig. 6A, B, G and H). Next, when we used
H. felis-infected PP-null and B6 mice for donor mice, CD4"
T celis could be detected only in the LP of small intestine
but not in the gastric mucosa of uninfected recipient mice
(Fig. 6C, D, | and J). Taken together, the migration of CD4*
T cells into the LP of small intestine in these settings appears
to represent the constitutive recruitment of conventional
CD4* T cells and uninfected gastric mucosa is not the site
for the constitutive recruitment of conventional CD4* T cells.
Importantly, uninfected gastric mucosa do not allow the infil-
tration of bacteria-specific CD4™ T cells, suggesting that the
infiltration of bacteria-specific CD4™ T cells depends on H.
felis colonization in the gastric mucosa. Last, H. felis-colo-
nized gastric mucosa of the recipient RAGZ™'~ mice allows
the infiliration of CD4* T cells of H. felis-infected B6 donor
mice but not those from the H. felis-infected PP-null donor
mice (Fig. 6E, F, K and L), suggesting that PP deficiency se-

verely impairs the infiltration of H. felis-specific CD4™ T cells
into the H. felis-colonized gastric mucosa.

Helicobacter felis-specific T,1 cytokine-producing cells in
PP-null mice lacked the ability to migrate into H. felis-
colonized gastric mucosa

PP-DCs instruct naive T cells to differentiate into gut-homing
T cells that express gut-homing chemokine receptors, such
as integrin a48,, and CCR9 (15) and infiltrating T cells in
Helicobacterinduced gastritis express these chemokine re-
ceptors {30-32). CCR5 is a chemokine receptor expressed on
Tn1 cells that promotes their migration and CCR5-CCLS in-
teraction is indispensable for the induction of acute graft-
versus-host disease mediated by PPs (14). CCR6 is
expressed on CD4™ T cells and CCR6—MIP-30/CCL20 inter-
action play an important role in mucosal immunity (33, 34)
Therefore, we firstly analyzed CD4” T cells in PPs and the
spleen of uninfected normal B6 and PP-null mice for the
anti-chemokine receptor antibodies. Freshly isolated total
CD4* T cells in PPs of uninfected B6 mice contained the
large populations expressing CCR5, CCR6 and CCR9
but not integrin a48; (Fig. 7A, upper panels). However, the
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Fig. 6. Transfer of spleen cells from PP-null and B8 mice into RAGZ~/~ mice in uninfected or H. felis-infected condition. Spleen cells from PP-null
and B6 mice were injected into the peritoneal cavity of RAGZ™'~ mice in the condition of H. felis infection shown in panels. After 6 days after
the completion of transfer, the small intestine and stomach were isolated and stained with FITC-conjugated anti-CD4 antibody. When we
transferred spleen cells from uninfected or H. felis-infected B6 (WT) and PP-null mice into uninfected RAGZ™~ mice, a large number of CD4*
T cells could be detected in the LP of small intestine but not in the gastric mucosa of recipient uninfected mice regardless of the presence of the
PP in donor mice (A-D and G-J). In contrast to the LP of small intestine, H. felis-colonized gastiric mucosa of the recipient RAGZ™'~ mice allows
the infiltration of CD4* T cells of H. felis-infected B& donor mice but not those from the H. felis-infected PP-null donor mice (E, F, K and L). Original
magnification: X200. :
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Fig. 7. Chemokine receptor expression of CD4™ T cells. {(A) Chemokine receptor expression of CD4™ T cells in uninfected mice. We isolated PP
and spleen (SPL) cells from normal B6 (C57BL/6 WT) and spleen cells from PP-null mice (PP null), and stained cells with anti-chemokine receptor
antibodies for CCR5, CCR6, CCRE and integrin a4B;. Data shown are phenotypes of CD4" T cells. The numbers in histograms show percentages
of chemokine receptor-expressing cells. (B) Chemokine receptor expression of IFN-y——producing CD4"* T cells in H. felis-infected mice. We
isolated spleen celis from normal B6 and PP-null mice at 9 weeks after H. felisinfection and cultured them under stimulation with or without H. falis
antigens followed by stimulation with PMA and ionomycin. We examined expression levels of chemokine receptors, CCR5, CCR6 and CCRY of
|FN-y~—producing CD4™ T cells. Anti-IFN-y mAb was used for intracellular cytokine staining. Cell-surface markers and intraceliular IFN-y
expression were determined by flow cytometry. Data shown are phenotypes of IFN-y—producing CD4™ T cells. The numbers in histograms show
percentages of chemokine receptor-expressing cells. Data represent one of five experiments.



percentage of chemokine receptor-expressing cells in CD4%
T cells of the spleen in uninfected PP-nulll mice was not
lower than those in B6 mice (Fig. 7A, middle and lower pan-
els). The relative size of the CD4" T cell compartments
expressing chemokine receptors are directly proportional to
the CD4™ T cell number because total CD4™ T cell numbers
in the spleen did not vary between uninfected PP-nuil and
B6 mice (Fig. 2A and B).

To further examine the roles of chemokine receptor ex-
pression of H. felis-specific IFN-y—producing CD4* T cells
in H. felis-infected mice, we isolated spleen cells from
H. felis-infected normal B6 mice and PP-null mice at 9 weeks
after H. felis infection and re-stimulated these cells with or
without H. felis antigens, followed by the stimulation of PMA
and ionomycin. Without H. felis antigen re-stimulation ex
vivo, non-specific IFN-y—producing CD4™ T cell populations
that express chemokine receptors, CCR5, CCR6 and CCRS
were comparable between H. felis-infected normal B6 mice
and PP-null mice (Fig. 7B, left panels). In contrast, after
H. felis antigen re-stimulation, the percentage of IFN-y—
producing CD4" T cell population expressing CCR9, but not
CCR5 and CCR6 in H. felis-infected PP-null mice, was mark-
edly lower that of H. felis-infected normal B6 mice (Fig. 7B,
right panels). These data suggest that PP deficiency impairs
differentiation of H. felis-specific CD4™ T cells into CCRS-
expressing cells that have the capacity to migrate into the
gastric mucosa.

We then investigated expression of CCR9 and CCR9 li-
gand, TECK/CCL25 in H. felis-induced inflamed gastric mu-
cosa. Immunohistologic examination of the gastric mucosa
revealed that CCRS-expressing cells could be detected in
the inflamed gastric mucosa of H. felis-infected B6 mice,
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but not in that of uninfected B6 mice (Fig. 8A and data not
shown). CCR9-expressing cells in the LP of gastric mucosa
(Fig. 8B, upper panels) and in the submucosa of the stom-
ach (Fig. 8B, middle panels) are CD4 positive, whereas
non-gut-homing CD4" T cell population in the ILN do not
have any CCR9-expressing cells (Fig. 8B, lower panels). In
addition, real-time guantitative RT-PCR analysis revealed
that H. felis infection can significantly induce the expression
of CCR8 ligand, TECK/CCL25 in the stomach of B6 mice
(Fig. 8C). Taken together, TECK/CCL25-CCR9 interaction
in gastric mucosa may be involved in the migration of
H. felis-specific CD4" T cells into the H. felis-infected gastric
mucosa.

Discussion

in the present study, we generated PP-null mice by adminis-
tering IL-7Ra biocking mAb into the dams during pregnancy
(18). PP-null mice developed well-organized lymphoid
organs except for PPs, and general systemic humoral immu-
nity was normal in PP-null mice. These findings are consis-
tent with previous reports describing PP-null mice (14, 18,
19). Thus, PP-null mice are good models for studying the
pathophysiolegic roles of PPs in various gastrointestinal dis-
eases. Interestingly, in H. felis-infected PP-null mice, both
the development of gastritis and H. felis-specific antibody
production were severely disturbed despite marked H. felis
colonization in the gastric mucosa. These data clearly dem-
onstrated that PPs have critical roles in host immune
responses to Helicobacter infection. tmportantly, in PP-null
mice, the differentiation of H. felis-specific CD4™ T cells into
CCR9-expressing cells was disturbed. Thus, failure of both

CCRS

Stomac

LN

Fig. 8. CCR9 and TECK/CCL.25 expression in H. felis-infected gastric mucosa. (A) CCR9-positive cells (green) were detected in gastric mucosa
of H. felis-infected B6 mice. Original magnification: X200. (B) CCR9-expressing cells (red) in the LP of gastric mucosa (a-c) and in the
submucosa of the stomach (d~f) are CD4 positive (green), whereas non-gut-homing CD4* T cell population in the ILN (g-i) do not have any
CCR9-expressing cells. Original magnification: X200 (a~c) and X400 (d-i). (C) Total RNA was extracted from the gastric tissues of B6 mice
before and 1 day, 2, 4 and 12 weeks after H. felis infection. Using the real-time quantitative RT-PCR analysis, relative TECK mRNA level is
evaluated. The means and standard deviation of each group are indicated. Student’s t-test for unpaired data was used to compare with the value

of day 0. Asterisks indicate P < 0.05.
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the development of H. felis-induced gastritis and the pro-
duction of H. felis-specific antibodies in PP-null mice might
be due to the loss of migration ability of H. felis-specific
CD4* T cells into the gastric mucosa. In support of such an
idea, previous studies demonstrated that Helicobacter and
its secreted products enhance the expression of CCRZ on
activated T cells and integrin a7 is indispensable for the
migration of CD4" T cells to the gastric mucosa in Helico-
bacter infection (30-32). Feng et al. (35) reported that dur-
ing rotavirus infection, IgA plasmablast migration into the
small intestine requires integrin a4B; along with either CCR9
or CCR10. In addition, Staton et al. (36) showed that direct
migration of CD8" recent thymic emigrants into the small in-
testine requires CCR8-CCL25 interaction and integrin «.4B-.
Therefore, integrin «4B- in addition to CCR9 may be required
for the infiliration of H. felis-specific CD4™ T cells into the
bacteria-colonized gastric mucosa.

Helicobacterinduced chronic gastritis is characterized by
a marked infiltration of IFN-y—producing CD4* T cells (10,
11). Moreover, the development of Helicobacterinduced
gastritis is severely impaired in mice lacking CD4"* T cells or
IFN-y production (37, 38). These data indicate that IFN-
y—producing CD4™ T cells are essential for the development
of chronic gastritis by Helicobacter. The present study dem-
onstrated that in H. felis-infected PP-null mice, there was no
infiltration of CD4* T cells in the gastric mucosa, although
there were IFN-y—producing CD4* T cells specific for
H. felis among the spleen cells. Together with previous
reports, the present findings suggest that PPs have a critical
role in instructing Helicobacter-specific IFN-y—producing
CD4™* T cells to migrate into the gastric mucosa.

Recent studies indicate that both PP-DCs and MLN DCs
derived from PP and the LP of small intestine can instruct
T cells 1o express gut-homing chemokine receptors, integrin
a4B7, and CCRY, and to migrate into gut mucosal tissues
(15, 39). In this study, we showed that CD4* T cells in PP-null
mice maintained their migration capacity into the LP of the
small intestine, whereas Helicobacterspecific CD4* T cells
in PP-null mice did not migrate into Helicobacter-colonized
gastric mucosa. These results suggest that PP-DCs and/or
MLN DCs derived from PP but not MLN DCs derived from
the LP of small intestine are involved in the instruction of Hel-
icobacter-specific CD4* T cells to differentiate into the gas-
tric mucosa-homing Ty, 1 cells.

Previous studies suggested that immune cells in PPs and
LP of the small intestine have distinct roles in gastrointestinal
immune responses. For instance, donor CD8" T cell infiltra-
tion into host PPs is essential for Ty1-type responses in
acute graft-versus-host diseases (14). In contrast, the in-
duction of oral tolerance for soluble antigens does not de-
pend on PPs (40, 41). In gastrointestinal infection, such as
those by Salmonella typhimurium, Toxoplasma gondii and ro-
tavirus, PP T cells produce IFN-y (42-45). Efficiency of T,1-
type protective immune responses against Eimeria vermifor-
mis, a gut-residing apicomplexan parasite depends on the
presence of PPs (46). We demonstrated here that the induc-
tion of T,1 cell-mediated gastritis in Helicobacter infection is
also dependent on PPs. Therefore, PPs might be essential
sites for the induction of T,1 immune responses in the gas-
trointestinal infection by non-invasive type organism.

The finding that the production of anti-Helicobacter anti-
bodies was severely impaired in PP-null mice indicates that
PPs have a critical role in the systemic production of anti-
Helicobacter antibodies. Previous studies have reported that
mucosal g responses to oral immunization for soluble anti-
gens do not require PPs (40, 41, 47). Therefore, taken to-
gether with our data, it is possible that PP-dependent and
PP-independent mucosal g responses exist in the MALT sys-
tem and that they have distinct roles in the gut mucosal im-
mune responses to luminal soluble antigens and pathogens.

Helicobacter bacteria orally infect and then bind to epithe-
lial cells of the gastric mucosa by muttiple surface adhesion
molecules and subsequently activate signal transduction
molecules in the epithelial cells (3-7). These direct interac-
tions between Helicobacter and epithelial cells trigger the
recruitment of neutrophils, resulting in acute inflammation of
the gastric mucosa (1, 2, 8). Inflammation of the gastric mu-
cosa, however, persists and induces chronic gastritis in vir-
tually all- Helicobacterinfected humans and some of
laboratory animals (1, 2, 21). We demonstrated here that
PP-null mice did not develop Helicobacterinduced chronic
active gastritis despite marked bacterial colonization in the
gastric mucosa. These findings might suggest that a local
inflammatory process within the gastric mucosa directly in-
duced by Helicobacter is dispensable for development of
Helicobacterinduced chronic gastritis, whereas PPs in MALT
of the intestine have an essential role in the development of
chronic gastritis.

In conclusion, we demonstrated the indispensable roles of
PPs in the host immune responses to Helicobacter infection,
including the development of chronic gastritis. Although PPs
are the most well-recognized secondary lymphoid organs in
the intestine in both humans and mice, their distribution in
the small intestine is different between humans and mice.
PPs in mice are located on the antimesenteric border along
the entire length of the small intestine, whereas in humans,
PP structures are primarily clustered in the ileum (48, 49).
Thus, further studies are required to confirm that PPs in
humans also have critical roles in determining the host im-
mune response 10 Helicobacter infection.
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Abbreviations

APC allophycocyanin

B6 Ce7BL/6

CCR CC chemokine receptor

DC dendritic cell

H. felis Helicobacter felis

ILN inguinal lymph node

LP lamina propria

MALT mucosa-associated lymphoid tissue
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MLN mesenteric flymph nhode
oD optical density

PP Peyer’s patch

PMA phorbol myristate acetate
RT reverse transcription
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Specific Antibodies Against Recombinant Protein of
Insertion Element 900 of Mycobacterium avium subspecies
paratuberculosis in Japanese Patients
With Crohn’s Disease
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Tsutomu Chiba,* and Kazuichi Okazakit

Background: Mycobacterial avium subspecies paratuberculosis
(MAP) infection has been hypothesized as an etiological factor of
Crohn’s disease (CD). However, the involvement of MAP in the
pathophysiology of CD is controversial. The aim of this study is to
investigate whether MAP is involved in the pathogenesis of CD with
the glutathione S-transferase fusion recombinant protein encoding
a portion of insertion element (IS) 900 (IS900-GST), which is
specific for MAP.

Methods: Serum samples from the patients with CD (n = 50),
ulcerative colitis (n = 40), colonic tuberculosis (n = 20), and non-IBD
controls (n = 44), were applied for solid-phase enzyme-linked
immunosorbent assay (ELISA) to detect antibodies against MAP and
Saccharomyces cerevisine. 1S900-GST, which was made by the
pGST4T-2 vector inserted with polymerase chain reaction—amplified
IS900DNA, was used as an antigen of MAP. Morcover, we studied the
relationship between antibodies against IS900-GST and clinical
characteristics.

Resuits: ELISA showed that the serum level of immunoglobulin G
and immunoglobulin A antibodies against IS900-GST (anti-IS900) in
patients with CD were significantly higher than those with ulcerative
colitis, colonic tuberculosis, and control subjects. The levels of anti-
18900 tended to be higher in CD patients with small intestinal involve-
ment than with colonic involvement alone. Anti-IS900 in patients
with penetrating- and stricture-type CD was significantly higher than
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with inflammatory-type CD. Furthermore, 2 negative correlation was
found between the titer of anti-IS900 and disease duration. Anti-
1S900 was not associated with surgical treatment nor was it associated
with the use of immunosuppressants. No significant correlation was
observed between the serum levels of anti-IS900 and anti-S cerevisine
antibody.

Conclusions: This is the first demonstration of the ELISA system
of detecting antibodies against IS900 in IBD patients. MAP could be
involved in the pathophysiology of Japanese patients with CD.

(Inflamm Bowel Dis 2006;12:62-69)

rohn’s disease (CD) is a chronic, relapsing inflammatory

bowel disease (IBD). The etioclogy of CD remains ob-
scure, however, and it is thought to be multifactorial, involving
an interaction between genetically susceptible, undefined,
environmental triggers.! Some investigators have hypothesized
that some kinds of mycobacterial infection may be involved in
the development of CD because of the histological similarities
between CD and intestinal tuberculosis, such as epithelial gran-
uloma and macroscopic lesions with segmental and fibrosing
stenosis.”™

Johne’s disease, chronic enteritis with granulomatous
lesions in cattle, sheep, goats, and other ruminants, is caused
by Mycobacterium avium subspecies paratuberculosis (MAP)
infection.” This acid-fast bacillus invades macrophages in
lymphoid tissue in the ileum, where it inhibits phagosome
maturation and induces the recruitment of inflammatory cells,
resulting in granulomatous enteritis.® Because this organism
was isolated from tissue specimen of biopsies and surgical
resections in a small number of patients with CD, some in-
vestigators have speculated that there could be a relationship
between MAP and CD.”® The growth of this organism is slow
and uncertain in in vitro cultures, even from some infected
animals, and difficult to distinguish from another organism
of M. avium. Recently, technical advances and innovative
studies, such as MAP-specific polymerase chain reaction
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