16

29.

30.

31

32.

33.

34,

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kanauchi O, Suga T, Tochihara M, et al. Treatment of ulcerative
colitis by feeding with germinated barley foodstuff: first report of
a multicenter open control trial. J Gastroenterol 2002;37(suppl
14):67-72.

A case control study of ulcerative colitis in relfation to dietary and
other factors in Japan. The Epidemiology Group of the Research
Committee of Inflammatory Bowel Disease. J Gastroenterol
1995;30(suppl 8):9-12. :

Jiang XL, Cui HF. An analysis of 10218 ulcerative colitis cases in
China. World J Gastroenterol 2002;8:158-161.

Leong RW, Lau J'Y, Sung JJ. The epidemiology and phenotype of
Crohn’s disease in the Chinese population. Inflamm Bowel Dis
2004;10:646-51.

Naganuma M, lizuka B, Torii A, et al. Appendectomy protects
against the development of ulcerative colitis and reduces its recur-
rence: results of a multicenter case-controlled study in Japan. Am
J Gastroenterol 2001;96:1123-6.

Bouma G, Strober W. The immunological and genetic basis
of inflammatory bowel disease. Nat Rev Immunol 2003;3:521-
533.

MacDonald TT, Monteleone G, Pender SL. Recent develop-
ments in the immunology of inflammatory bowel disease. Scand J
Immunol 2000;51:2-9.

Monteleone G, Biancone L, Marasco R, et al. Interleukin 12 is
expressed and actively released by Crohn’s disease intestinal
lamina propria mononuclear cells. Gastroenterology 1997;112:
1169-78.

Matsuoka K, Inoue N, Sato T, et al. T-bet upregulation and sub-
sequent interleukin 12 stimulation are essential for induction of
Thl-mediated immunopathology in Crohn’s disease. Gut 2004,
53:1303-8.

Pizarro TT, Michie MH, Bentz M, et al. IL-18, a novel
immunoregulatory cytokine, is up-regulated in Crohn’s disease:
expression and localization in intestinal mucosal cells. J Immunol
1999;162:6829-35.

Sato T, Nakai T, Tamura N, Okamoto S, Matsuoka K, Sakuraba

A, et al. Osteopontin/Eta-1 upregulated in Crohn’s disease regu-

lated the Thl immune response. Gut 2005;54:1254-62.

Puccetti P, Belladonna ML, Grohmann U. Effects of IL-12
and IL-23 on antigen-presenting cells at the interface between
innate and adaptive immunity. Crit Rev Immunol 2002;22:373-
390.

Becker C, Wirtz S, Blessing M, et al. Constitutive p40 promoter
activation and IL-23 production in the terminal ileum mediated
by dendritic cells. J Clin Invest 2003;112:693-706.

Monteleone G, Monteleone 1, Fina D, Vavassori P, Del Vecchio
Blanco G, Caruso R, et al. Interleukin-21 enhances T-helper cell
type I signaling and interferon-gamma production in Crohn’s dis-
ease. Gastroenterology 2005;128:687-94.

Bamba S, Andoh A, Yasui H, et al. Matrix metalloproteinase-3
secretion from human colonic subepithelial myofibroblasts: role
of interleukin-17. J Gastroenterol 2003;38:548-54.

Andoh A, Yasui H, Inatomi O, et al. Interleukin-17 augments
tumor necrosis factor-alpha-induced granulocyte and granulo-
cyte/macrophage colony-stimulating factor release from human
colonic myofibroblasts. J Gastroenterol 2005;40:802-10.

Fujino S, Andoh A, Bamba S, et al. Increased expression of
interleukin 17 in inflammatory bowel disease. Gut 2003,52:65-70.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

T. Hibi and H. Ogata: Pathophysiology of IBD

Fuss IJ, Neurath M, Boirivant M, et al. Disparate CD4+ lamina
propria {LP) lymphokine secretion profiles in inflammatory
bowel disease. Crohn’s disease LP cells manifest increased secre-
tion of IFN-gamma, whereas ulcerative colitis LP cells manifest
increased secretion of IL-S. J Immunol 1996;157:1261-70.

Heller F, Fuss 1J, Nieuwenhuis EE, et al. Oxazolone colitis, a Th2
colitis model resembling ulcerative colitis, is mediated by IL-13-
producing NK-T cells. Immunity 2002;17:629-38.

Fuss IJ, Heller F, Boirivant M, et al. Nonclassical CD1d-restricted
NK T cells that produce IL-13 characterize an atypical Th2 re-
sponse in ulcerative colitis. J Clin Invest 2004;113:1490-7.
Ceponis PJ, Botelho F, Richards CD, et al. Interleukins 4 and
13 increase intestinal epithelial permeability by a phosphatidy-
linositol 3-kinase pathway. Lack of evidence for STAT 6 involve-
ment. J Biol Chem 2000;275:29132-7.

Levy DE, Lee CK. What does Stat3 do? J Clin Invest 2002;109:
1143-8.

Lovato P, Brender C, Agnholt J, et al. Constitutive STAT3 activa-
tion in intestinal T cells from patients with Crohn’s disease. J Biol
Chem 2003;278:16777-81.

Takeda K, Clausen BE, Kaisho T, et al. Enhanced Thl activity
and development of chronic enterocolitis in mice devoid of Stat3
in macrophages and neutrophils. Immunity 1999;10:39-49.
Alonzi T, Newton IP, Bryce PJ, et al. Induced somatic inactiva-
tion of STAT3 in mice triggers the development of a fulminant
form of enterocolitis. Cytokine 2004;26:45-56.

Welte T, Zhang SS, Wang T, et al. STAT3 deletion during he-
matopoiesis causes Crohn’s disease-like pathogenesis and lethal-
ity: a critical role of STAT3 in innate immunity. Proc Natl Acad
Sci 2003;100:1879-84.

Kamada N, Hisamatsu T, Okamoto S, Sato T, Matsuoka K, Arai
K, et al. Abnormally differentiated subsets of intestinal macroph-
age play a key role in Th1l-dominant chronic colitis through excess
production of IL-12 and IL-23 in response to bacteria. J Immunol
2005;175:6900-8.

Ito H, Takazoe M, Fukuda Y, et al. A pilot randomized trial of a
human anti-interleukin-6 receptor monoclonal antibody in active
Crohn'’s disease. Gastroenterology 2004;126:989-96.

Andoh A, Fujino S, Okuno T, et al. Intestinal subepithelial
myofibroblasts in inflammatory bowel disease. J Gastroenterol
2002;37(suppl 14):33-7.

Andoh A, Bamba S, Fujiyama Y, et al. Colonic subepithelial
myofibroblasts in mucosal inflammation and repair: contribution
of bone marrow-derived stem cells to the gut regenerative re-
sponse. J Gastroenterol 2005;40:1089-99.

Nagayama K, Watanabe M. IP10 released by colonic subepithelial
myofibroblasts: by which stimuli and which tissue? J Gastroen-
terol 2005;40:551-2.

Okamoto R, Yajima T, Yamazaki M, et al. Damaged epithelia
regenerated by bone marrow-derived cells in the human gas-
trointestinal tract. Nat Med 2002;8:1011--7.

Okamoto R, Watanabe M. Molecular and clinical basis for the
regeneration of human gastrointestinal epithelia. J Gastroenterol
2004;39:1-6. A

Matsumoto T, Okamoto R, Yajima T, et al. Increase of bone
marrow-derived secretory lineage epithelial cells during regen-
eration in the human intestine. Gastroenterology 2005;128:1851—
67.



J Gastroenterol 2006; 41:318-324
DOI 10.1007/500535-005-1768-8

Journal of ——————
Gastroenterology

© Springer-Verlag 2006

Inhibition of neutrophil elastase prevents the development of murine
dextran sulfate sodium-induced colitis

YuicHlr MoroHosHI', KATSUYOSHI MATSUOKA!, HirosHI CHINEN!, NoBUHIKO KaMADA!, TOSHIRO SATO!,
Tapaxazu Hisamatsu?, Susumu OkamMoto!, Nacamu INoUE?, HIRoMasA TakalsHEZ, HARUHIKO OGATA?,

Yasusai Iwao?, and Tosairumi Hisr'?

!'Department of Internal Medicine, School of Medicine, Keio University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan
2Center for Comprehensive and Advanced Medicine, Keio University, Tokyo, Japan
3Center for Diagnostic and Therapeutic Endoscopy, Keio University, Tokyo, Japan

LEditorial on page 395 ]

Background. Neutrophil elastase (NE) is a major secre-
tory product from activated neutrophils and a major
contributor to tissue destruction. However, little is
known about the pathogenic contribution of NE to
ulcerative colitis (UC). This study was designed to in-
vestigate the contribution of NE by measuring NE ac-
tivity in plasma and colonic mucosal tissue from UC
patients and a murine acute colitis model, and to eluci-
date the therapeutic effect of the NE-specific inhibitor
ONO-5046. Methods. The NE enzyme activities in
plasma and colonic mucosal tissue from UC patients
were directly measured using an enzyme-substrate re-
action. Acute colitis was induced in mice by administra-
tion of 1.5% dextran sulfate sodium (DSS) for 5 days.
DSS-induced colitis mice were then treated with ONO-
5046 (50mg/kg body weight) intraperitoneally twice a
day. Results. In UC patients, the NE enzyme activity
" was significantly elevated in both the plasma and co-
lonic mucosal tissue compared with healthy controls. In
DSS-induced colitis mice, the NE enzyme activity in-
creased in parallel with the disease development. ONO-
5046 showed therapeutic effects in DSS-treated mice by
significantly reducing weight loss and histological score.
ONO-5046 suppressed the NE enzyme activities in both
plasma and culture supernatant of colonic mucosa from
DSS-induced colitis mice. Conclusions. ONO-5046, a
specific NE inhibitor, prevented the development of
DSS-induced colitis in mice. NE therefore represents a
" promising target for the treatment of UC patients.

Key words: ulcerative colitis, neutrophil elastase, dext-
ran sulfate sodium-induced colitis, ONO-5046
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Introduction

Although the etiology of ulcerative colitis (UC) has not
been clarified, increasing evidence indicates that abnor-
mal immune responses are involved in its pathogen-
esis.l2 While recent studies have focused mainly on
lymphocytes or antigen-presenting cells such as den-
dritic cells, little is known about the pathogenic role of
neutrophils in UC. Indeed, dense neutrophil infiltration
and crypt abscess formation are characteristic patho-
logical findings in the inflamed mucosa of UC patients.3*
Moreover, in Japan, granulocyte adsorption apheresis
therapy has been reported to show a remarkable thera-
peutic effect in active UC patients.® Taken together,
neutrophils almost certainly play an important role in
the pathogenesis of UC.

Neutrophil elastase (NE) is a major secretory product
from activated neutrophils and a major contributor
to tissue destruction in inflammatory diseases such as
acute respiratory distress syndrome (ARDS), lung
emphysema, glomerulonephritis, and rheumatoid ar-
thritis.5’ Ninety percent of the NE circulating in the
blood is bound to o,-anti-trypsin (o,-AT), an endog-
enous NE inhibitor, resulting in the formation of NE-o;-
AT complexes. The remaining 10% of the NE is bound
to o-macroglobulin, another endogenous NE inhibitor.
Therefore, NE is systemically and tightly inactivated by
endogenous protease inhibitors. However, at inflamma-
tory sites, these protease inhibitors are inactivated by
neutrophil-derived reactive oxygen species (ROS).S
Thus, NE might become capable of displaying its strong
protease activity and degradeing the main structural
elements of connective tissue, such as elastin, collagen,
and proteoglycans, at inflammatory sites.

It has previously been reported that NE is elevated in
the plasma, colonic mucosal tissues, and feces of active
UC patients.>* It has also been demonstrated that the
plasma NE level is correlated with the clinical activity
of UC.%12 However, a definitive conclusion cannot be
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drawn regarding the pathological contribution of NE to
UQC, since the NE levels measured by using an enzyme-
linked immunosorbent assay in the previous studies
included NE-0,-AT complexes, an inactive form of NE.
Since only free NE shows protease activity, it is critical
to measure the NE enzyme activity directly to clarify
the pathogenic contribution of NE to UC.

ONO-5046 is a specific synthetic inhibitor of NE. In
contrast to endogenous protease inhibitors, ONO-5046
can even effectively inhibit NE at inflammatory sites,
since it is not structurally inactivated by ROS2 In
Japan, ONO-5046 has already been used clinically in
the treatment of patients with ARDS, which is charac-
terized by the accumulation of numerous neutrophils in
the lungs. Furthermore, ONO-5046 has shown a protec-
tive effect against neutrophil-mediated tissue injury in
some animal models, including lung injury, neurologic
damage after spinal cord injury, and collagen-induced
arthritis.13-16

In this study, we first measured NE enzyme activity
in plasma and colonic mucosal tissues from UC
patients using an enzyme-substrate reaction. We next
measured NE enzyme activity in a dextran sulfate
sodium (DSS)-induced colitis model. Furthermore, we
evaluated the therapeutic effect of ONO-5046 in
colonic inflammation.

Materials and methods

Reagent

ONO-5046 was purchased from Ono Pharmaceutical
(Osaka, Japan). It was dissolved in phosphate-buffered
saline (PBS) and administered intraperitoneally twice a
day at a dose of 50mg/kg. The administration of ONO
5046 began 1 day prior to DSS administration and con-
tinued until the end of the experiment. Nontreated con-
trol mice were administered the same amount of PBS
without ONO-5046.

Patients and samples

UC was diagnosed on the basis of clinical, endoscopic,
and histological findings using established criteria.!”1®
Plasma samples were obtained from UC patients with
moderate to severe activity (Table 1), defined by a clini-
cal activity index (CAI) >8 points.”? Patients treated
with steroids or immunosuppressants were excluded
from the study. Colonic mucosal samples were obtained
from biopsy specimens of the inflamed mucosa of UC
patients. Control samples of noninflamed colonic
mucosa were obtained from macroscopically unaffected
areas of patients with colon polyps. The tissues were
weighed, gently homogenized in 500l of PBS, and then
centrifuged (1500g, 15min, 4°C). The supernatants

Table 1. Clinical profiles of the ulcerative colitis patients

Number of patients 10

Sex (female/male) 4/6

Age (years), mean (range) 28.7 (21-38)
Clinical Activity Index, mean (range) 11.3 (9-15)

Disease location, pan/left-sided colitis (no.) ~ 9/1
Disease duration (years), mean (range) 4.2 (0.1-11.5)

were collected and immediately stored at' —80°C untii
use. The study using human material was approved by
the ethical committee of Keio University and written
informed consent was obtained from all patients.

Murine DSS-induced colitis model

Female 8-week-old C57BL/6 mice weighing around 20 g
were used. The mice were housed under specific
pathogen-free conditions. Colitis was induced by giving
1.5% DSS (molecular weight 50kDa; BioResearch,
Yokohama, Japan) dissolved in sterile distilled water ad
libitum for 5 days followed by regular drinking water for
the rest of the experimental period. Body weight was
measured every day during the experiments. All experi-

.ments were performed in accordance with the institu-

tional animal care guidelines of Keio University.

Histological score

Histological evaluation was performed on day 4. The
total colon was fixed in 20% formalin and sectioned
with a sagittal aspect. Tissues were embedded in paraf-
fin and stained with hematoxylin-eosin. Histological
analysis was performed in a blinded fashion. The histo-
logical score was estimated by the combined score of
inflammatory cell infiltration (score, 0-3) and tissue
damage (score, 0-3) as previously reported.??! Briefly,
the infiltration scoring was as follows: 0, no infiltration;
1, presence of occasional inflammatory cells in the
lamina propria; 2, increased numbers of inflammatory
cells in the lamina propria; and 3, confluent inflamma-
tory cells extending into the submucosa. The tissue
damage scoring was as follows: 0, no mucosal damage; 1,
discrete lymphoepithelial lesions; 2, surface mucosal
erosion or focal ulceration; and 3, extensive mucosal
damage and extension into deeper structures of the
bowel wall. The combined histological score therefore
ranged from O to 6.

Colon organ culture

After the induction of colitis, each murine colon sample
was weighed, cut into 2-3 pieces, and then cultured in a 6-
well dish (Falcon, Franklin Lakes, NJ, USA) in serum-
free RPMI-1640 medium supplemented with 100 U/ml
penicillin G and 100ug/ml streptomycin (Invitrogen,
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Grand Island, NY, USA) in a 5% CQO, incubator for 24 h.
The tissues were carefully positioned so that the mucosal
surface was uppermost on the insert.!® The culture super-
natant was collected from the well, filter-sterilized
(0.22um), and stored at —80°C until use.

Measurement of NE enzyme activity

The NE enzyme activity of each material (plasma,
supernatant of colon organ culture, and homogenized
tissue) was determined by an enzyme-substrate reac-
tion method using N-methoxysuccinyl-Ala-Ala-Pro-
Val-p-nitroanilide (Sigma, St. Louis, MO), a specific
synthetic substrate of NE.2 This substrate was
specifically cleaved to p-nitroanilide (pNA) by NE, and
the NE enzyme activity was quantified by measuring the
quantity of pINA spectrophotometrically. Each sample
was incubated with 0.2 M Tris-HCI buffer (pH 8.0) con-
taining 2.5 M NaCl and 50 mM substrate at 37°C for 24h,
and the -amount of pNA was measured by the absor-
bance at 405nm.

Statistical analysis

The data were expressed as means + SEM. Compari-
sons of the data were performed using a nonparametric
Mann-Whitney U test. A P value below 0.05 was
accepted as statistically significant.

Results

NE enzyme activity is elevated not only locally but also
systemically patients with active UC

First, we measured the NE enzyme activity in colonic
mucosal tissues from UC patients (n = 10) to investigate
the local production of NE enzyme activity. As shown in
Fig. 1A, NE enzyme activity in colonic mucosal tissues
from UC patients (n = 10) was approximately 16 times

that in controls (n =7) (UC, 18 £7.2 vs. control, 1.1 £0.2
x 10°nmolpNA/g, P < 0.01). Furthermore, the NE
enzyme activity in plasma samples from UC patients (n
= 10) was approximately twice that in controls (n = 10)
(Fig. 1B; UC, 208 £ 30.2 vs. control, 103 + 8.0nmol pNA/
ml, P <0.01). Thus, the NE enzyme activity was elevated
not only locally but also systemically in UC patients.
These results prompted us to evaluate the therapeutic
effect of a NE-specific inhibitor, ONO-5046, in a murine
DSS-induced colitis model, which resembles UC in
many pathological features, such as dense neutrophil
infiltration and crypt abscess formation.

NE increases in DSS-induced colitis in parallel with
disease development

Before evaluating the therapeutic effect of the NE
inhibitor, we confirmed that the NE enzyme activity was
elevated in the murine DSS-induced colitis model. We
first examined three concentrations of DSS, because the
severity of DSS colitis depends on its molecular weight.
In our preliminary results, administration of 1% DSS
caused mild inflammation. In contrast, one-third of
mice died by administration of 2% DSS. With adminis-
tration of 1.5% DSS, body weight loss reached about
20% and severe inflammation was histologically con-
firmed without any mortality. Therefore, we chose 1.5%
DSS in the following experiments. Colitis was induced
by giving 1.5% DSS for 5 days followed by regular
drinking water for the rest of the experimental period.
The body weight began to decrease from day 4 and
reached its minimum, 23% weight loss on days 8-9 (Fig.
2A). In colon culture supernatants, NE enzyme activity
was elevated on day 4, when the body weight loss
had just begun (Fig. 2A, B; culture supernatant, 360 £
16nmolpNA/ml on day 4). In contrast, the plasma
NE enzyme activity was elevated on day 8 (300 %
100nmol pNA/ml), when the body weight loss reached
its peak (Fig. 2D).
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Fig. 2A-C. NE enzyme activity is elevated in a dextran sulfate sodium (DSS)-induced colitis model. A Body weight loss of DSS-
induced colitis mice. The NE enzyme activities in supernatants from colon cultures (B) and plasma (C) from DSS-induced colitis
mice (n = 6) are shown. The data represent an means * SEM. **P < 0.01; *P < 0.05

ONOQ-5046 ameliorates DSS-induced colitis

We next assessed the therapeutic effect of ONO-5046.
To determine an adequate dose of ONO-5046, we
first administered four different doses of ONO-5046 (1,
5,25, and 50mg/kg) in DSS-induced colitis. The thera-
peutic effects were seen in a dose-dependent manner
(data not shown), and the administration of 50mg/kg
showed the strongest effect. Therefore, we decided to
use this dose through all of our experiments. ONO-5046
was administered intraperitoneally twice a day at the
dose of 50mg/kg in 2001 PBS. Control mice were given
the same dose of PBS without ONO-5046. ONO-5046
was administered 1 day prior to DSS administration and
continued until the end of the experiment (Fig. 3A).
Figure 3B shows that the body weight loss of mice
treated with ONO-5046 was significantly reduced com-
pared with control mice (control, 98.6 £ 0.9% vs. ONO-
5046, 101.8 + 0.9% on day 4, P < 0.01; control, 90.6 £+
1.8% vs. ONO-5046, 96.2 £ 1.5% on day 5, P < 0.05;
control, 81.6 +1.6% vs. ONO-5046, 86.6 +1.1% on day
6, P < 0.05). The macroscopic findings on day 4 are
shown in Fig. 3C. Colon length in the control group had
a tendency to be shorter than that in the ONO-5046
treated group. However, the difference was not statisti-
cally significant (control, 61.3 + 1.8 vs. ONO-5046, 66.3
+ 2.9mm, P = 0.11). Histologically, the colons from
control mice revealed severe ulceration and inflamma-
tory cell infiltration (Fig. 3D, E). In contrast, the colons
from DSS-induced colitis mice treated with ONO-5046
showed reduced ulceration and inflammation (Fig. 3F,
G). The histological scores on day 4 were significantly
reduced in the ONO-5046-treated group compared with
the control group (Fig. 3H, control, 2.9 £1.2 vs. ONO-
5046, 4.0 £ 1.6, P < 0.05).

ONQO-5046 reduces NE enzyme activity in
DSS-induced colitis

To confirm that NE enzyme activity was inhibited by
ONQO-5046 in the DSS-induced colitis model, the effect
of ONO-5046 on the plasma enzyme activity was mea-

sured on day 8, when the activity was found to be at its
highest level (Fig. 2C). As shown in Fig. 4A, ONO-5046
completely suppressed the increase in NE enzyme activ-
ity (DSS-induced colitis mice treated with PBS, 340 +
270 vs. DSS-induced colitis mice treated with ONO-
5046, 93 £ 3nmolpNA/ml, P < 0.01). Furthermore, to
investigate the inhibition of local NE enzyme activity,
colons from DSS-treated mice were cultured, and then
ONO-5046 (1mg/ml) was added to the culture medium
2h before the end of the culture. As shown in Fig. 4B,
the NE enzyme activity was inhibited in the superna-
tants from ONO-5046-treated specimens (PBS, 690 £
110 vs. ONO-5046, 430 + 57nmolpNA/ml, P < 0.05).
These results confirmed that NE enzyme activity was
inhibited by ONO-5046 in the DSS-induced colitis
model.

Discussion

The most important finding in the present study is that
a specific NE inhibitor could prevent the development
of DSS-induced colitis in mice. Given that murine DSS-
induced colitis possesses certain pathophysiological fea-
tures of UC, the data indicate that NE may represent a
new target for the treatment of UC patients.

Since neutrophil infiltration and crypt abscess are his-
tological features common to both UC and the murine
DSS-induced colitis model, neutrophils may play a criti-
cal role in the pathogenesis of both UC and the DSS-
induced colitis model. NE is a major secretory product
from neutrophils and is capable of hydrolyzing most
connective tissue components, leading to tissue injury at
inflammatory sites. To clarify the pathological role of
NE in intestinal inflammation, we first determined the
levels of NE enzyme activity in UC patients. We showed
that NE enzyme activity was increased in UC patients,
while previousL'reports have measured total NE, includ-
ing NE-01-AT, complexes .42 We directly measured
the NE enzyme activity by an enzyme-substrate reac-
tion using a specific synthetic substrate of NE. As blood
contains abundant physiological NE inhibitors such as
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Fig. 3A-H. A NE-specific inhibitor, ONO-5046, suppresses the development of murine DSS-induced colitis. A The experimental
protocol. ONO-5046 was administered intraperitoneally twice a day at the dose of 50mg/kg. Nontreated mice were administered
the same amount of phosphate-buffered saline (PB.S) without ONO-5046. B Body weight loss of DSS-induced colitis mice treated
with ONO-5046 (closed circles, n = 12) or PBS (open circles, n = 12). The data were collected from three independent
experiments. C Macroscopic findings of colons from DSS-induced colitis mice treated with PBS (left) or ONO-5046 (right).
Hematoxylin-eosin staining of colons from DSS-induced colitis mice treated with PBS (D, E) or ONO-5046 (F, G) on day 4.
H Histological scores of DSS-induced colitis mice treated with ONO-5046 (black bar) or PBS (white bar) on day 4. The data

represent means + SEM. **P < 0.01; *P < 0.05
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o1-AT, little plasma NE enzyme activity can normally
be detected. However, it has been reported that plasma
NE enzyme activity can be detected in an ARDS ham-
ster model,!? possibly because local NE production is so
huge that it overcomes the capacity of physiological NE

inhibitors. In the same way, we were successful in

detecting NE enzyme activity in not only colonic mu-
cosal tissues but also plasma samples of UC patients.
These results suggest that a considerable amount of NE
is produced in colons of UC patients, which overcomes
physiological NE inhibitors in blood. Next, we mea-
sured NE enzyme activity in a murine DSS colitis
model. We found that local NE enzyme activity was

culture supernatants were measured.
The data represent means + SEM. **P
<0.01; *P <0.05

A NE enzyme activities in plasma from
mice without DSS (white bar, n = 6)
DSS (+) DSS ()
+ +
PBS oNOo-5046 B

increased from an early stage of the disease and
elevated throughout the experimental period and that
systemic NE cold be measured following local NE pro-
duction at the maximal stage of the disease. These
results suggest that NE may contribute to both the in-
duction and perpetuation of colitis.

Furthermore, we assessed the therapeutic effect of a
specific NE inhibitor. We demonstrated that ONO-5046
could prevent the development of murine DSS-induced
colitis. While the results further support the pathophysi-
ological contribution of NE to intestinal inflammation,
the precise mechanisms of how the decreased NE
enzyme activity led to the amelioration of colitis could
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not be determined in this study. NE is considered to be
involved in tissue destruction through its protease activ-
ity. Moreover, recent studies have revealed some new
functions of NE in inflammatin. (1) NE enhances the
migration and adhesion of neutrophils;® (2) NE stimu-
lates the production of proinflammatory cytokines such
as cytokine-induced neutrophil chemoattractant, mac-
rophage inflammatory protein-1, and interleukin-1p;»
and (3) NE cleaves phosphatidylserine receptors on
macrophages and disrupts the phagocytosis of neutro-
phils, thus enhancing the scattering of NE.Z Since NE
seems to have such various biological activities, further
studies are required to identify the exact mechanism of
how NE inhibition ameliorates colitis.

ONO-5046 has already been clinically used for the
treatment of ARDS associated with systemic inflamma-
tory response syndrome in Japan. It has a few side
effects, such as mild liver dysfunction (8.4%) and mild
leukopenia (1.6%), but no serious side effects have
been reported. Therefore, ONO-5046 might actually
have the potential to be a new therapeutic approach for
patients with active UC.

In summary, we demonstrated that NE enzyme activ-
ity is increased in both UC and a murine DSS-induced
colitis model. Furthermore, we showed that ONO-5046,
a NE-specific inhibitor, could ameliorate murine DSS-
induced colitis. These findings provide evidence that
NE contributes to the pathophysiology of mucosal
inflammation. NE therefore represents a promising tar-
get for the treatment of UC patients.

Acknowledgments. This work was supported in part by grants-
in-aid from the Japanese Ministry of Education, Culture,
Sports, Science, and Technology, the Japanese Ministry of
Labour, Health, and Welfare, Keio University, and the Keio
University Medical Fund. The authors thank Drs. A.
Nakazawa, K. Kashiwagi, T. Yajima, A. Sakuraba, and T.
Kobayashi for their helpful discussions and critical comments.

References

1. Podolsky DK. Inflammatory bowel disease. N Engl J Med 2002;
347:417-59. .

2. Fiocchi C. Inflammatory bowel disease: etiology and pathogen-
esis. Gastroenterology 1998;115:182-205.

3. Raab Y, Gerdin B, Ahlstedt S, Hallgren R. Neutrophil mucosal
involvement is accompanied by enhanced local production of
interleukin-8 in ulcerative colitis. Gut 1993;34:1203-6.

4. Balazs M, Kovacs A. Ulcerative colitis: electron microscopic stud-
ies with special reference to development of crypt abscesses. Dis
Colon Rectum 1989;32:327-34.

5. Shimoyama T, Sawada K, Hiwatashi N, Sawada T, Matsueda K,
Munadata A, et al. Safety and efficacy of granulocyte and mono-
cyte adsorption apheresis in patients with active ulcerative colitis:
a multicenter study. J Clin Apheresis 2001;16:1-9.

6. Bolognesi M, Djinovic-Carugo K, Ascenzi P. Molecular bases for
human leucocyte elastase inhibition. Monaldi Arch Chest Dis
1994;49:144-9,

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Y. Morohoshi et al.: A neutrophil elastase inhibitor prevents DSS colitis

. Dallegri F, Ottonello L. Tissue injury in neutrophilic inflam-

mation. Inflamm Res 1997;46:382-91.

. Weiss SJ. Tissue destruction by neutrophils. N Engl J Med

1989;320:365-76.

. Gouni-Berthold I, Baumeister B, Wegel E, Berthold HK, Vetter

H, Schmidt C. Neutrophil-elastase in chronic inflammatory bowel
disease: a marker of disease activity? Hepatogastroenterology
1999;46:2315-20.

Kuno Y, Ina K, Nishiwaki T, Tsuzuki T, Shimada M, Imada A,
et al. Possible involvement of neutrophil elastase in impaired
mucosal repair in patients with ulcerative colitis. J Gastroenterol
2002;37 Suppl 14:22-32.

Saitoh O, Sugi K, Matsuse R, Uchida K, Matsumoto H, Nakagawa
K, et al. The forms and the levels of fecal PMN-elastase in patients
with colorectal diseases. Am J Gastroenterol 1995;90:388-93.
Adeyemi EO, Neumann S, Chadwick VS, Hodgson HJ, Pepys
MB. Circulating human leucocyte elastase in patients with
inflammatory bowel disease. Gut 1985;26:1306-11.

Hagio T, Nakao S, Matsuoka H, Matsumoto S, Kawabata K,
Ohno H. Inhibition of neutrophil elastase activity attenuates
complement-mediated lung injury in the hamster. Eur J
Pharmacol 2001;426:131-8.

Yoshida N, Sugimoto N, Ochiai J, Nakamura Y, Ichikawa H,
Naito Y, et al. Role of elastase and active oxygen species in gastric
mucosal injury induced by aspirin administration in Helicobacter
pylori-infected Mongolian gerbils. Aliment Pharmacol Ther
2002;16 Supple 2:191-7.

Tonai T, Shiba K, Taketani Y, Ohmoto Y, Murata K, Muraguchi
M, et al. A neutrophil elastase inhibitor (ONO-5046) reduces
neurologic damage after spinal cord injury in rats. J Neurochem
2001;78:1064-72.

Kakimoto K, Matsukawa A, Yoshinaga M, Nakamura H. Sup-
pressive effect of a neutrophil elastase inhibitor on the develop-
ment of collagen-induced arthritis. Cell Immunol 1995;165:26-32.
Gower-Rousseau C, Salomez JL, Dupas JL, Marti R, Nuttens
MC, Votte A, et al. Incidence of inflammatory bowel disease in
northern France (1988-1990). Gut 1994;35:1433-8.
Lennard-Jones JE. Classification of inflammatory bowel disease.
Scand J Gastroenterol Suppl 1989;170:2-6; discussion 16-19.
Lichtiger S, Present DH, Kornbluth A, Gelernt I, Bauer J, Galler
G, et al. Cyclosporine in severe ulcerative colitis refractory to
steroid therapy. N Engl J Med 1994;330:1841-5.

Siegmund B, Fantuzzi G, Rieder F, Gamboni-Robertson F, Lehr
HA, Hartmann G, et al. Neutralization of interleukin-18 reduces
severity in murine colitis and intestinal IFN-gamma and TNF-
alpha production. Am J Physiol Regul Integr Comp Physiol 2001;
281:R1264-73.

Siegmund B, Rieder F, Albrich S, Wolf K, Bidlingmaier C,
Firestein GS, et al. Adenosine kinase inhibitor GP515 improves
experimental colitis in mice. J] Pharmacol Exp Ther 2001;296:99-
105.

Nakajima K, Powers JC, Ashe BM, Zimmerman M. Mapping the
extended substrate binding site of cathepsin G and human leuko-
cyte elastase. Studies with peptide substrates related to the alpha
1-protease inhibitor reactive site. J Biol Chem 1979;254:4027-32.
Young RE, Thompson RD, Larbi KY, La M, Roberts CE,
Shapiro SD, et al. Neutrophil elastase (NE)-deficient mice dem-
onstrate a nonredundant role for NE in neutrophil migration,
generation of proinflammatory mediators, and phagocytosis in
response to zymosan particles in vivo. J Immunol 2004;172:4493~
502.

Ishihara K, Yamaguchi Y, Okabe K, Ogawa M. Neutrophil
elastase enhances macrophage production of chemokines in
receptor-mediated reaction. Res Commun Mol Pathol Pharmacol
1999;103:139-47.

Vandivier RW, Fadok VA, Hoffmann PR, Bratton DL, Penvari
C, Brown KK, et al. Elastase-mediated phosphatidylserine recep-
tor cleavage impairs apoptotic cell clearance in cystic fibrosis and
bronchiectasis. J Clin Invest 2002;109:661-70.



Progress of Digestive Endoscopy Vol 69 No. 2(2006)

OERD

AEL£ETROREBREL -
ZREMR (CRMEREEEEED
FHLLEBEXRBRD 15
EREE BB A ERHEAY BLEH
A % BI BH ER 4 &FXE

REAES FHKEZR £XEZY 55 Y
B Hadx

& T

LEM R/ AR, B0, BRERY, BEERK
FEFER/HLEAFY '
(Key Words) EIRBER, EBtEAEKBEMER

EE

KGESWHHICHBBEL-EREL, ZRBHACH
L B M 3RE& i (leukocytapheresis : LCAP) HEY
L BB AR RZER L, $72, 6-MPIZ X 5188
HEFHDRLALNR, SBINOIHBORBERLE
ENEGHEOBBREAL L UHRBREDEREO VL
DITH B ENYF SN, ' ‘

iE Bl
BE 408k, T

5 BBEDE, s, M.

BLAERE | KERBFREESE (32505 o

KIERE i R&z i lo

AR BE, TAI-—NEBLL,

BUREE | 19994F (345) BE N & KGR EIBEH KB
# (Ulcerative colitis : UC) THABRHE 2R EL,
20004F 6 A ABERICIZA 704 FENWERE CREEA
7&‘71 bhrzo LBL, $HREAICATUAL FEHEELRY,
FEIATE L HIRT X 120034 4 AXIGEHE - MBEIIME
VIaHi % %o MBERIIEE L TWz2%, 20054
ARIVALTRLZEDESEEBHRVPEBRLIIFS
7400mg/HOWRE EDIZIZ70T72F2F b Y
LADAZEEZERAL T, 2612, 8 ATHXYEE,
MENCHEEIACNARE 2572,

B R kg, KiR37.1C, Em/#HE% L.
CRERN, RFE) Y WELELR L. BB TESICER
HEDDVRBFEHESE L L. WEF, B, £%.
HEolEkE» .,

RERE | MBEMRETIIMESSmm/ 1 h, BMmEkE
9180/ u1, CRP859mg/dit KRERMR % E L 7=

100

Hbl110 g/dlE BER&MA A G5, TP 7.1g/4],

Alb 39g/dl, TC167mg/dl, Ch-E3.761U/1 & 5244z 13
£, FEREDEE THo/. RF, ANAL L RH:
Tholo ARRORRE CIREBERE LB K

MEEREIRHEEL, RESEEHLBENALA,

WEET b BREEH A S N7 (Fig. 1-a, b)o i
BCTRULALRESY v 5k, BEMIESLITFIROz
i EEHA SN (Fig. 2). BLE X ) PDAIscore 11
ATHEEORBEREZSET LY, -

EB D FEATUA FRAKEZEOHES 7285
FITHL, X704 FOERSEE LA, KEEE
BRBEAO:-OAEI EHE L. FARBEXIZD
WTIEEAYNVERNSR X 78X Y 1,000mg/ H Si%(2
BRE) #7070 EHICIhHDAERE UCE DB EH
PEZEIRE X V5-ASABAANAR2250mg/H &
LCAPZBHIE LCRPIZHR A ITET L7, BEIKIL
LCAPEHIZIIEHLHUENA LN HBITEROY
ELRABOBELRYEL. LCAPS BT
IXPDAIscore 7 St 1), 8B40 OARK CHIGE
BIUYERLEOBEOWH/D, HEOREDORENRE
Bani:(Fig. 1-¢, d)o BEHERFBEMIZIA298 LY
6-M P 30mg/ H PR % BfG L 20064 7 A B T CHER
FHREDHT WV,

%z B

B AS AEBEE IR UCORERN X 721388
FICRET 2 IEREEEMATH 57, BEEEFER
P ReiterfEEER L LDV FRHFERD
seronegative spondyloarthropathy ¢, RHEENIIE
REATH, KHEOBEHENE V. BEIIFXTA
FRAEEIE T, KGR TREKBOGETER
THIENRE VA, KBHEAICELEEH L HES
NTw5, MIBICHEMRINHEE L6284 61, HICK
FIDE I HBICEHRIVERLAD 6 flALNE
REOESH L ZLFTLI—FE LRV,

BREUCHEBEEHATHOLCAPOERE HEIN
TWAI, HMBEHRIZELLADIEDVTRLE
FEFI & RIRBRATE, A7uAf FERBEEFRTHo
A

—HUCTOEBBADREBEEII20%HET, &
BT EHELZ1d Mayo ClinicA 5328 & 1172 Pouchitis dis-
ease activity index (PDAI) 7z £45% 5, BRIRER, A
HEB Y UHBFHFTRY S AL LPDAITIH T A
UEDEBELESH SN, HEEIA ISV —
VO, AFaA FORERER, X35 IERD
HERUSABE SN TY A, REFTIIREEHEE
FHOBEEN S AT 04 FAERS & HIBT L7z, BERE
ROBERTH o720 EHBEL LTLCAPEBIE



Fig. 1 Colonoscopy on admission. Mucosal inflammation with ulcers in J-pouch(a) and along the staple line (b) were seen. On 40th day
remarkable improvement of ulcers and mucosal inflammation was seen both in J-pouch {(c)and along the staple line (d).
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Fig. 2 Histological finding of biopsy specimen from J-pouch on
admission. Remarkable infiltraion of neutrophils, plasma cells
and eosinophils with erosive change were seen.
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Fig. 1 Microscopic picture of cap polyposis obtained by endo-
scopic biopsy. a) Early phase of cap polyposis, a small flat le-
sion with dense superficial and localized inflammation,
accompanied by crypt dilatation. b) The surface of sessile
polyp which is covered by granulation tissue and fibrinopuru-
lent exudates (arrow head), the so—called “cap”. ¢) Mild fibro-
. muscular obliteration is recognized in the deep lamina propria
(hematoxylin & eosin).
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Table 1 Clinical features~MPS and cap polyposis.
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B 1 GALT (gut associated lymphotd tissue)
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2. RIEMBER
(Inflammatory Bowel Disease, IBD)DREE

IBD i3 K& {EBEM A (UC) & Crohn & (CD)
DZKEBIIRAE NS, ThHZOoODEREBIZER
B L72RERSLEZON TS, UCTIE
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KiFxr @O/ &EbEIENE 20, LiZUITEL
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UCTUEHER» T AN, EREIHRESTHEE
LREOEEIABHERBIZHE, —F, CDD
FRZ 13 skip lesion & IS N IEE Kt THEE RS & 1T
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ERE CTHERERNFEI RN LR S NS,
COTUBERIOEELEEITMEIZY 7 PLT
WHLIENGhoTBY, T 7275 —HBRIEBE
BERFOCDABBETHIR TH S, —F, UCTORAT
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I HAEIBORA TV R,
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vy A3 %L, tLAEEER, BERT, RELE
DEREVEHICEG L-ZRFEETHLLEEZD
nTws (@2), L2Lieds, BDEETIEL
E LISl IR &, EEER, BEEXLENS
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WIZSLER Y = — 7L ViEEH 2 EOBEREBEE L
IBDHDEUBENBOLNL I EbH D, EHIC
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Tw3b, —4CDTi3 ASCAs (anti-Saccharomyces
cerevisiae antibodies), Omp C, 12, flagellin {243 51
K CBirl %2 LEEBLBAME CG T 5 4ME0 LR
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3. B=RIEHA

FENAE ST, DAL D BEMFREIRIEC

ERRERTHAH I LWBEFHMR, LB EDR

TWiz, IBDOREFIIABETRKECRL-TSE
D, BIZIEBERENFELZ> TV T Y YREA
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1) NOD2/CARD15

NOD2/CARDI5 1158 16 45D IBD1 locus |\ &
5 CDEEBEEEETFE LT2001EIZZ00D7 N
=T HEEENTS 9, NOD2/CARDIS (2B D
BHEBEERST THLRTF IV A DLTINY
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HBHEEZLNTWS, In viro DFFFETIZNOD2
/CARDI15 @ C K %8l \2FF % ¥ 5 leucine rich repeat
(LRR)A*MDP D5 &-ERAL T N K ##18 O CARD K A A
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Bin vitro TR AN TV 5, FEEFDCD & DB
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FELEMR, i PanethfAZICEEHLTEBY, BF
LARBRALTE7MEDORR L £ EBHE T
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HEIZB TV AR ORES R TV B,
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2) OCTN (SLC22A4), OCTN2 (SLC22A5)

OCTN (organic cation/carnitine transporter) 3 &5 5 4¢
BIED IBD 5 locus \IALE T B EEMERIEZF & L
T2004 FIT|ES N L Lad D, BHRAT
D OCTN & CD & DHEBJIIHR SR Tz vy,

3) DLG5

104+ E T % DLGS M single nucleotide
polymorphism (SNP)»IBD 5 L U°CD & M %27~ ¢
EerHmESNY, DLGSHBELEMizD
integrity D #EFF I < scaffolding protein % code L T
BY, SNPEEUZL Y COBREHENT LD TId%
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W\, F$7:DLG5 5 HAAD CDRIBD TOHE
IZBRO R E Lo TR\,

4) TNFSF15

I FE THBT & /2 & 912 NOD2/CARD1S5, OCTN,
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4 bA A T3 B TNFSF 15 (Tumor necrosis factor
family member 15)% SNP %SH & A CD &5 £ & 4HES
LTWa I ErHELY, SBEOBEEMBITOER
N = DA (I
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-l iak

HEOFIZ L DAL REISEE I, FhIfE
WD FEERE LEEORENIEATV S,

1) INFa®82—4y & LERRERE

¥ A J B TNF-ofi K Infliximab (Ffm% 1 L 317
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LT 2DIzME 2V, T2V IT7-FORMME
MHRE SN TLUR, 4 % TNF-oHERI D BE S
nTBYH, F#OF Tcertolizumab pegol (CDP870)id
PEG {t & 1L 7 HL TNF-0. 1A ® Fab fragment TH 1),
Schreiber % i certolizumab pegol (CDP870)? CD {3
¥ % randomized, placebo-controlled study D #5 5 % 3k
HLTWEW,

- 2) JmIL-1244k

ST MEHIL-12p40 FIADEENIECD 23T 5
BEIEAT 2004 FI2FREF 2N/, IL-12iE Thl B
ELE*FET Akey 1 I 1 THDH, CDD
RERICERERZE R L TwEEEILRT
Wh, 36, HEHRIL-121dp35 L pdoDAT TS
A2=DbhoTEBY, HIIIEREN/-Th FE
HAMHA P THBIL-2313ps0 L plODNTOT A
VDR EB, L7z Tpdo I3 THHFIXZ
DEEHMZ TV BHREMND 5,

3) mIL-6Hitk

b FRIFLIL-6 J1E (MRA)DGEENIECDIZH T 5 7
7R BEER _EERRABRISRAFETITORE
EFRESI NS, FIZLIF—FRONBH
Bk FHMAEORE RO b T 4B SHFS
nTwa,

4) EERFEFME L EEE

) Y REBROBEANDF - I U VIZIIEERFTH
L0474 2T ) UHLETHHN, a7 7Y
YT A MEE O FAVRETH D
Natalizumab ® CD 1231 § % KBEEREROE R EF
N7z, Natalizumab (3FEBE A DV TIE £
EFBVWHRIZHBFETE LV OOBFHHITIIERE
EELTOMBIBHFTELITREETH S, Lo L
AL EIIOVWTIHEELAMER TH D ETHES
B E M (progressive multifocal leukoence-
phalopathy, PML) DEFEN Y A 7 & EE L T i’
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ORIGINAL ARTICLE

Nonpathogenic Escherichia coli Strain Nissle1917
Prevents Murine Acute and Chronic Colitis

Nobuhiko Kamada, MS,* Nagamu Inoue, MD, PhD,* Tadakazu Hisamatsu, MD, PhD,*
Susumu Okamoto, MD, PhD,* Katsuyoshi Matsuoka, MD, PhD,* Toshiro Sato, MD, PhD,*
Hiroshi Chinen, MD,* Kyong Su Hong, PhD,} Takaya Yamada, PhD,}

Yumiko Suzuki, PhD,} Tatsuo Suzuki, PhD,} Noriaki Watanabe, MD, PhD,§

Kanji Tsuchimoto, MD, PhD,§ and Toshifumi Hibi, MD, PhD*

Background: Nonpathogenic Escherichia coli strain Nissle1917
has been used as a probiotics in human inflammatory bowel disease;
however, there are few reports examining its therapeutic effect on
animal colitis models, and its therapeutic mechanisms remain un-
known. The aim of this study was to elucidate the therapeutic effect
and mechanism of Nissle1917 using murine acute and chronic colitis
models. -

Methods: Two models were used. (1) Acute model: colitis was
induced by administration of 1.3% dextran sodium sulfate for 7 days.
Nissle1917 or phosphate-buffered saline were orally administered for
10 days. Mice were killed at day 10, and the colonic lesions were
assessed macro- and microscopically. (2) Chronic model: IL-107/~
mice were treated with Nissle1917 or phosphate-buffered saline for
8 weeks. After 8 weeks of treatment, mice were killed to assess the
colonic lesions macro- and microscopically. In the acute dextran
sodium sulfate colitis model, viable, heat-killed, or genomic DNA of
Nissle1917 was orally administered for 10 days, and the therapeutic
effect was assessed.

Results: In the acute model, Nissle1917 ameliorated body weight
loss, disease activity index, and macro- and microscopic damage. In
the chronic model, it also suppressed the ‘mucosal inflammatory
findings and histologic damages. Moreover, heat-killed Nissle1917 or
its genomic DNA alone also ameliorated the acute DSS colitis and
viable bacteria macro- and microscopically.
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Conclusions: Nonpathogenic E. coli strain Nissle1917 prevents
both acute and chronic colitis, and its anti-inflammatory effect is
exhibited not only by viable bacteria but also by heat-killed bacteria
or its DNA. ’

Key Words: dextran sodium sulfate colitis, IL-10-deficient mouse,
inflammatory bowel disease, Nissle1917, probiotics

(Inflamm Bowel Dis 2005;11:455-463)

Ithough the etiology of inflammatory bowel disease (IBD)
remains unclear, a role for gut flora in the initiation and
the perpetuation of IBD has been proposed. There is a pos-
sibility that an agent that is normally nonpathogenic, including
a component of the normal gut flora, may be pathogenic in the
susceptible host.' This hypothesis is supported by the obser-
vation that IBD is often improved by administration of antibi-
otics.? Studies of experimental colitis in various animal models
have also shown the importance of the resident luminal flora in
the initiation and the perpetuation of intestinal inflammation.
The spontaneous colitis model, such as T-cell receptor a-chain
gene—deficient mouse,>* interleukin-10 (IL-10) gene—deficient
mouse,” IL-2 gene-deficient mouse,® and HLA-B27 gene trans-
genic rat,” requires the luminal bacteria for development of
colitis. These genetically engineered rodents do not develop
intestinal inflammation under germ-free conditions.
Probiotics are defined as living nonpathogenic organ-
isms that confer health benefits by improving the microbial
balance. Recently, it has been reported that probiotics are effec-
tive for treatment of IBD.®~'* Nonpathogenic Escherichia coli
strain Nissle1917 is one of the probiotic bacteria. This strain
has no pathogenic potential besides the ability to colonize
within the intestine. The results of a recent clinical trial showed
that treatment with Nissle1917 is equivalent to mesalazine in
maintaining remission of ulcerative colitis.'®! However, in
animal experimental colitis models, there are few reports about
the therapeutic effect of Nissle1917, and its mechanism of
action remains unknown.
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This study aimed to estimate the therapeutic effect of
Nissle1917 on murine acute and chronic colitis models and to
elucidate its mechanisms of action.

MATERIALS AND METHODS

Animals

Specific pathogen-free female C57BL/6 mice, 6 to 7
weeks of age, were obtained from Clea Japan (Tokyo, Japan).
Mice were housed less than 3 per cage at the animal center of
Kitasato Institute Hospital (Tokyo, Japan) for 1 week before
initiating the study. /L-10 gene—deficient mice, generated on
a C57BL/6 background, were obtained from Dr. Hiroshi Kiyono
(Osaka University, Osaka, Japan) and were housed under
conventional conditions at Keio University (Tokyo, Japan).

Preparation of Bacteria

The E. coli strain Nissle1917 (Mutaflor; DMS6601,
serotype O6:K5:H1) was kindly supplied by Ardeypharm
(Herdecke, Germany). It was expanded from freeze stock to
a Luria-Bertani (LB) agar plate and grown for 24 hours at
37 °C. Colonies on LB agar plates were collected and sus-
pended in sterile phosphate-buffered saline (PBS, pH 7.4).
Concentration was determined by photometric comparison
with a previously established growth curve. Bacterial suspen-
sion was prepared in 5 X 108 colony forming units (CFUs) per
milliliter. Heat-killed bacteria were prepared by resuspending
viable bacteria in PBS followed by incubation for 30 minutes
at 60 °C. Killed bacteria were washed and resuspended in
PBS. The complete killing was confirmed with 24-hour incu-
bation at 37 °C on an LB agar plate. Genomic DNA was
isolated from Nissle1917 using the Genomic DNA isolation
kit (Qiagen Sciences, Valencia, Calif.).

Genomic Polymerase Chain Reaction
of Nissle1917

Female C57BL/6 mice (8 wk of age) were orally admin-
istered E. coli Nissle1917. One to 10 days after administration,
stools were collected and cultured in LB medium overnight at
37 °C. Bacterial genomic DNA was extracted from the cultured
medium using QIA amp DNA Stool Mini Kit (Qiagen Sciences).
Genomic polymerase chain reaction (PCR) for Nissle1917 was
performed as previously described." Briefly, E. coli fimB gene
primers were forward, 5'-GGCGTCGACTAACCCAGCACAG-
CTA-3’, and reverse, 5'-GCGCGGATCCGTAAGAATAATGT-
AGT-3’. For genomic PCR, equivalent amounts of genomic
DNA (1 pL), 10X PCR buffer, 1.25 mM dNTPs, 0.5 U recom-
binant Taq polymerase (Takara, Tokyo, Japan), and 0.5 pM of the
forward and the reverse primers were used. Cycling conditions
for PCR ampiification were 94 °C for 5 minutes and 40 cycles of
94 °C for.30 seconds, 55 °C for 30 seconds, and 72 °C for 30
seconds, followed by a final extension at 72 °C for 7 minutes.
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Nissle1917 Treatment in a Murine Acute
Colitis Model

Each group of mice was fed 1.3% dextran sulfate sodium
(DSS; molecular weight 50,000; BioResearch Corp., Yoko-
hama, Japan) for 7 days. All groups of mice were orally
administered with Nissle1917 (1 X 108 CFU/mouse/d) or PBS
for 10 days. In other experiments, heat-killed Nissle1917
(1 X 10® CFU/mouse/d) and Nissle1917 genomic DNA

(10 g/mouse/d) were administered in the same manner. In all

mice, body weight and disease activity index (DAI) were
assessed on a daily basis. DAI was determined by a scoring
system as previously described.'® Briefly, the index is as
follows: loss of body weight—0 = none, 1 = 1%to 5%, 2 =5%
to 10%, 3 = 10% to 20%, 4 = >20%; stool consistency—0 =
normal stool, 2 = loose stool, 4 = diarrhea; hemoccult—0 =
normal, 2 = hemoccult positive, 4 = gross blood. DAI is the
sum of the 3 scores divided by 3. Mice were killed at day 10,
and the resected colonic tissue was examined macroscopically
and microscopically. For cytokine analysis, mice were killed at
day 7 and purified lamina propria mononuclear cells (LPMCs)
were examined.

Nissle1917 Treatment in a Murine Chronic
Colitis Model

Eight-week-old IL-10"'~ mice were orally administered
Nissle1917 (1 X 108 CFU/mouse/d) or PBS for 8 weeks. The
disease activity of colitis was determined in the same way as
the experiments for the acute colitis model.

Histologic Score :

Mice were killed at each period. Colons were harvested
and fixed in 10% phosphate-buffered formalin. These samples
were paraffin-embedded, sectioned, and stained with hema-
toxylin and eosin. Tissues were reviewed in a blinded fashion
and assessed with a previously validated gastrointestinal histo-
logic inflammatory score. (1) For DSS colitis mice,'® histo-
logic scores ranged from 0 to 12. Total score was assessed as
the sum of the following 4 parameters: extent, 0 to 3 [0, none;
1, focal; 2, limited to 1 segment (proximal, middle, distal); 3,
involving more than 1 segment]; inflammation, 0 to 3 (0, none;
1, mild; 2, moderate; 3, severe); damage/necrosis, 0 to 3
(0, none; 1, mild; 2, moderate; 3, severe); and regeneration,
0 to 3 (0, complete re-epithelialization; 1, broad or multifocal
re-epithelialization; 2, focal migration and mitotic features; 3,
none). (2) For IL-10~'~ mice,'” histologic scores ranged from
0 to 10. Total score was assessed as the sum of the following
4 parameters: mucosal ulceration, 0 to 3 (0, normal; 1, surface
epithelial inflammation; 2, erosions; 3, ulcerations); epithelial
hyperplasia, 0 to 3 (0, normal; 1, mild; 2, moderate; 3, pseudo-
polyps); lamina propria mononuclear infiltrate, 0 to 2 (0,
normal; 1, slightly increased; 2, markedly increased); and
lamina propria neutrophil infiltrate, 0 to 2 (0, normal; 1,
slightly increased; 2, markedly increased).
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Nissle1917 Prevents Murine Colitis

Enzyme-linked Immunosorbent Assays for
- Serum Amyloid A

Blood samples were collected, and the serum fraction
was separated. Serum was analyzed for serum amyloid A
(SAA) protein by enzyme-linked immunosorbent assay kit
(BioSource International, Calif.). Basal SAA protein levels
were obtained from age-matched wild-type control mice. The
cut-off value was calculated as mean + 2 SD of wild-type
control SAA concentrations.

Isolation of LPMCs

Mice were killed, and colonic tissues were removed.
Removed colons were washed with calcium- and magnesium-
free Hanks balanced salt solution (HBSS; Sigma, St. Louis,
Mo.) and dissected into small pieces. The tissues were incu-
bated in HBSS containing 2.5% fetal bovine serum (BioSource)
and 1 mM dithiothreitol (Sigma) to remove mucus. They were
incubated twice in HBSS containing 1 mM EDTA (Sigma) for
20 minutes at 37 °C. Then they were washed with HBSS for 3
times and incubated in HBSS with 1 mM collagenase.type IV
(Sigma) for 2 hours at 37 °C. The digested tissues were filtered
and washed twice with HBSS. Cells were resuspended in 40%
Percoll (Pharmacia Biotech, Piscataway, NJ) and layered
on the 75% Percoll before centrifugation at 2000 rpm for
20 minutes. Cells recovered from the interphase were washed
twice and suspended in HBSS. Cell viability was >95%, as
determined by trypan blue exclusion dye.

Analysis of Proinflammatory Cytokines
Expression by Quantitative Reverse
Transcription-PCR

Total RNA was isolated from LPMCs using RNeasy Mini
kit (Qiagen Sciences). cDNA was synthesized from 1 g total
RNA with Omniscript reverse transcriptase (RT; Qiagen Sci-
ences). For quantitative RT-PCR, equivalent amounts of cDNA
(2 wL), 0.5 wM of the forward and reverse primers, and DyNAmo
SYBR Green qPCR Kit (MJ Research, Waltham, Mass.) were

used. The PCR reactions were carried out in a thermocycler:

DNA engine, OPTICON2 (MJ Research). Cycling conditions
for PCR amplification were 95 °C for 10 minutes, and 40 cycles
of 95 °C for 10 seconds and 58 °C for 50 seconds. Murine-
specific primers for tumor necrosis factor (TNF)-a were for-
ward, 5'-CATCTTCTCAAAATTCGAGTGACAA-3’, and re-
verse, 5’ -TGGGAGTAGACAAGGTACAACCC-3'. Interferon
(IFN)-y primers were forward, 5'-TCAAGTGGCATAGATG-
TGGAAGAA-3’, and reverse, 5'-TCACCATCCTTTTGCC-
AGTTCCTCCAG-3’. IL-1@ primers were forward,
5'-CAACCAACAAGTGATATTCTCCATG-3', and reverse,
5’'-GATCCACACTCTCCAGCTGCA-3'.IL-6 primers were for-
ward, 5'-GAGGATACCACTCCCAACAGACC-3’, and reverse,
5'-AAGTGCATCATCGTTGTTCATACA-3'. Transforming
growth factor (TGF)-B1 primers were forward, 5'-TGACGT-
CACTGGAGTTGTACGG-3', and reverse, 5'-GGTTCATGT-

© 2005 Lippincott Williams & Willins

CATGGATGGTGC-3’. Monocyte chemoattractant protein
(MCP)-1 primers were forward, 5'-CTTCTGGGCCTGC-
TGTTCA-3’, and reverse, 5'-CAAGCCTACTCATTGG-
GATCA-3'. Macrophage inflammatory protein (MIP)-2 primers
were forward, 5'-ATCCAGAGCTTGAGTGTGACGC-3', and
reverse, 5'-AAGGCAAACTTTTTGACCGCC-3’. IL-10 primers
were forward, 5'-GGTTGCCAAGCCTTATCGGA-3', and re-
verse, 5'-ACCTGCTCCACTGCCTTGCT-3'. B-actin primers
were forward, 5'-AGAGGGAAATCGTGCGTGAC-3’, and
reverse, 5'-CAATAGTGATGACCTGGCCGT-3'.

Statistical Analysis

All data are expressed as mean = SEM. Differences
between means were evaluated using Mann-Whitney U test for
analysis.

RESULTS

Nissle1917 Ameliorates Murine DSS Colitis
To identify the mechanisms of action of Nissle1917 in
murine acute colitis models, we first examined the effect of
Nissle1917 in the DSS colitis model. To detect the Nisslel917
gene from murine fecal samples, we generated primers to
amplify a specific insert in the fimB gene in Nissle1917 (Fig.
1A). As shown in Figure 1B, specific gene amplification of
Nissle1917 in feces of mice could be detected only on day 1
after the single administration, which suggested the absence of
its colonization. Because, in this detection system, primers
could amplify the other E. coli fimB gene in a competitive
manner, the smaller product from the other E. coli may be
amplified easier than Nissle1917. Therefore, these data may

A Nissle1917 fimB gene
> <«

—( T

|I 1885 bp 'I

B 0 1 3 5 7

2611 bp
(Nissle1917) ™

10 Days after
administration

726 bp
(Other E.coli)

FIGURE 1. Detection of Nissle1917 from murine fecal samples.
A, the set of primers was designed to amplify the sequence
containing the specific insert element located in the fimB gene
of Nissle1917. B, detection of Nissle1917 from murine fecal
samples by PCR. Nissle1917 (1 X 10® CFU/mouse) was orally
administrated into C57BL/6 mice. Nissle1917-specific ampli-
fied products were detected only 1 day after administration.

457



Kamada et al

Inflamm Bowel Dis » Volume 11, Namber 5, May 2005

FIGURE 2. Effect of Nissle1917 on
DSS-induced colitis. A, protocols for

x induction of DSS colitis. B, macroscop-
: ic findings of the colons from DSS
colitis mice treated with PBS (top) or
Nissle1917 (bottom). C, body weight

losses of mice treated with PBS (O, n =

36) or Nissle1917 (@, n = 34). D, colon

weights of DSS colitis mice treated

with PBS (n = 10) or Nissle1917 (n =
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not show the complete disappearance of orally administrated
Nissle1917. In this study, we administered Nissle1917 for 10
consecutive days to make sure of its sufficient presence and
examined the therapeutic effect (Fig. 2A). Macroscopic
findings revealed that the shortening and thickening of the
colon were improved in the Nissle1917 group (Fig. 2B). The
body weight started to decline 6 days after the intake of DSS
in both control and Nissle1917 groups. However, after day 8,
the body weight loss was significantly reduced in the
Nissle1917-treated group (Fig. 2C; control: 84.9 = 1.0%
versus Nissle: 90.6 = 0.9%; P < 0.05 at day 8, control:
82.0 * 1.1% versus Nissle: 87.8 = 1.1%; P < 0.01 at day 9,
and control: 82.6 = 1.3% versus Nissle: 87.8 + 1.2%; P <
0.01 at day 10). Consistent with the results of body weight,
DAI scores and colon weight (control: 34.3 = 1.5 versus 30.5
+ 0.8 mg/cm; P < 0.05 at day 10) were also lower in the
Nissle1917 group (Fig. 2D; Table 1). Neither healthy controls
nor the Nissle1917 group without DSS administration showed
any body weight loss or macroscopic sign of colitis (data not
shown). Colons from DSS-induced colitis mice treated with
PBS contained severe ulceration and inflammatory cell
infiltration over the proximal and distal region (Fig. 3C). In
contrast, DSS colitis mice treated with Nissle1917 showed
significantly less inflammation and ulceration (Fig. 3D). On
the other hand, Nissle1917 itself did not affect normal colonic
mucosa (Fig. 3B). Histologic scores were also reduced in the
Nissle1917 group (Fig. 3E; control: 10.7 = 0.3 versus Nissle:
8.2 = 0.5; P < 0.05). Thus, we considered that Nissle1917
provided protective effect on colonic mucosa in murine acute

- colitis.
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4 10). Results are expressed as mean =
Nissle SEM * P < 0.05; **, P < 0.01
compared with PBS groups.

Nissle1917 Reduces Chronic Colonic
inflammation in IL-107/~ Mice

We next examined whether Nissle1917 was also effec-
tive against chronic colonic inflammation. We used IL-107~
mice as a model of chronic colonic inflammation, as pre-
viously described.'® IL-10~/~ mice developed spontaneous en-
terocolitis associated with body weight loss, passage of mucus,
rectal prolapse, and diarrhea. In this experimental period, there
was no significant alteration in body weight in each group
(data not shown). Colon weights of IL-10™~ mice were
increased after the development of inflammation, but Nissle1917

TABLE 1. DAI Scores of DSS-induced Colitis Mice

PBS (N = 36) Nissle (N = 34)
Day 1 0.05 = 0.02 0.04 +0.02
Day 2 0.15 = 0.04 0.09 = 0.03
Day 3 0.22 = 0.04 0.15 = 0.03
Day 4 0.42 * 0.06 0.31 £ 0.07
Day 5 0.79 = 0.10 0.49 = 0.06
Day 6 1.47 * 0.13 0.87 = 0.11%
Day 7 232 £ 0.13 1.31 = 0.14%
Day 8 2.62 £ 0.10 1.73 = 0.12%
Day 9 2.47 * 0.08 1.81 = 0.15¢%
Day 10 2.23 £ 0.12 1.69 = 0.13*

Data are mean * SEM.
*P < 0.05, *P < 0.01, and P < 0.0001, significant difference from
PBS group.
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