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Abstract

AIM: To produce an antibody against rat eosinophil cationic
protein (ECP) and to examine the effects of the antibody
in rats with dextran sulfate sodium (DSS)-induced colitis.

METHODS: An antibody was raised against rat ECP. Rats
were treated with 3% DSS in drinking water for 7 d and
received the antibody or normal serum. The colons were
examined histologically and correlated with dinical symptoms.
Immunohistochemistry and Western blot analysis were
estimated as a grade of inflammation.

RESULTS: The ECP antibody stained the activated
eosinophils around the injured crypts in the colonic mucosa.
Antibody treatment reduced the severity of colonic ulceration
and acute clinical symptoms (diarrhea and/or blood-
stained stool). Body weight gain was significantly greater
and the colon length was significantly longer in anti-ECP-
treated rats than in normal serum-treated rats. Expression
of ECP in activated eosinophils was associated with the
presence of erosions and inflammation. The number of
Ki-67-positive cells in the regenerated surface epithelium
increased in anti-ECP-treated rats compared with normal
serum-treated rats. Western blot analysis revealed reduced
expression of macrophage migration inhibitory factor (MIF)

in anti-ECP-treated rats.

CONCLUSION: Our results indicate that treatment with
ECP antibody, improved DSS-induced colitis in rats, possibly
by increasing the regenerative activity of the colonic
epithelium and downregulation of the immune response,
and suggest that anti-ECP may promote intestinal wound
healing in patients with ulcerative colitis (UC).

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Eosinophil accumulation in the gastrointestinal tract is a
common feature of numerous gastrointestinal disorders,
including classic IgE-mediated food allergy, eosinophilic
gastroenteritis, allergic colitis, eosinophilic esophagitis,
inflammatory bowel disease (IBD)!"? and gastroesophageal
reflux disease. In IBD, eosinophils usually represent only a
small percentage of the infiltrating leukocytes®* but their
levels has been proposed as a negative prognostic indicator!*.
Several studies have found an association between allergic
colitis and later development of IBD, but this association is
controversiall®l.

Eosinophils and one of their granule proteins, eosinophil
cationic protein (ECP) and eosinophil protein X (EPX),
are generally recognized as being involved in the host defense
against invading parasites. They are markedly cationic
proteins with cytotoxic capacities that can potentially cause
tissue destruction and could act as modulators of immune
response®. The eosinophil may also be involved in the
pathogenesis of IBD because we have already reported
activation of eosinophils in patients with active ulcerative
colitis (UC), using the techniques of indirect immunoenzymatic
method and electron microscopic examination of eosinophils,
measurement of serum ECPP! as well as increased
percentages of hypodense eosinophils in the peripheral
blood. Moreover, bowel biopsies from patients with IBD
have demonstrated infiltration of eosinophils in the lamina
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proptia and marked extracellular deposits of ECPI''2.

There is also an excess release of the cosinophil proteins
ECP and EPX in the luminal fluid and fecal material of
patients with UC or Crohn's disease!””. However, the
pathophysiological role played by activated eosinophils in
the inflammatory process in UC has not yet been elucidated.
The aim of this study was to produce an antibody against
rat ECP and to examine the antibody in dextran sulfate
sodium (DSS)-induced colitis model. Rats treated with DSS
develop severe colorectal damage mimicking IBD in
humans"*". We herein present evidence for the effectiveness
of ECP antibody against DSS-induced colitis in rats, possibly
by increasing the regenerative activity of the colonic
epithelium and downregulation of the immune response.

MATERIALS AND METHODS

Antibody raised against rat ECP
TRAQWFAIQHISLNPPR' was synthesized based on
human ECP amino acid sequence'”, which has homology
to rat ECP'®. Antd-ECP sera were generated by immunizing
New Zealand white rabbits. In brief, rabbits were inoculated
intradermally with 100 pg of ECP diluted in complete
Freund’s adjuvant at weeks 2, 4, 6, 8, 10, 12, and 14. The
serum was prepared according to the protocol provided by
the manufacturer.

Induction of experimental colitis

Male Wistar rats/IZM (8 wk old) were obtained from
Chatles River Japan, Inc. Rats were kept in a specific pathogen-
free environment at the Animal Center in accordance with
the rules and regulations of the Institutional Animal Care
and Use Committee of Nagasaki University. Food as well
as drinking water with or without DSS (MW 5 000; Wako
Pure Chemical Industries, Osaka, Japan) were provided ad
libitum. The rats were treated with 3% DSS in drinking water
for 7 d™ and then received either antibodies or normal
serum intraperitoneally. The rats were weighed daily and
visually inspected for gross rectal bleeding and diarrhea.
The colons were examined histologically and correlated with
clinical symptoms. Hematoxylin and eosin (HE)-stained
sections were prepared from the distal colon. The severity
of ulceration was quantified by the Ulcer Index (ulcer
length/circumference length, %) in the distal colon.
Furthermore, the severity of colitis was evaluated by
assessment of colon length and histological examination.
Similarly, we evaluated the effect of anti-ECP antibodies
with regard to clinical signs and pathologic features.

Administration of antibodies specific for ECP

The polyclonal ECP antibody (0.25 mI./rat at d 0 and 1,
0.5 mL/ratatd 2, 3, 4, 5, 6, and 7 after DSS treatment) or
non-immune rabbit serum was injected intraperitoneally.

Immunohistochemical studies

Anti-ECP antibody as eosinophils, anti-ED1 antibody
(Serotic, Oxford, UK) as activated macrophages, anti-Ki-
67 antibody (MIB-5, Dako Cytomation Denmark A/S,
Denmark) as proliferative cells were used. The sections were
deparaffinized and rehydrated. Then, they were microwaved

for 10 min in 0.01 mol/L citrate buffer, pH 6.0, to unmask
the antigenicity, and trypsin digested for 15 min, for Ki-67
and for ED1 as pre-treatment, respectively. The slides were
placed in methanol with 0.3% H,O, for 10 min to block
endogenous peroxidase activity. They were then incubated
with ECP, Ki-67, and ED1 for 60 min and further processed
for immunohistochemistry using the Histofine Simple Stain
kit (Nichirei, Tokyo, Japan). Peroxidase activity was developed
in diaminobenzidine as a chromogen. In the procedures
described above, tissue sections that were not incubated
with ECP, ED1, or Ki-67 served as negative controls.

Western blot analysis

Western blots were prepared for expression of ED1 and
macrophage migration inhibitory factor (MIF). For this
purpose, the colonic tissue was collected from the lesion area,
and then suspended in 5 volumes of ice-cold 50 mmol/L
Tris-HCI (pH 7.2) containing 150 mmol/L NaCl, 1% NP-
40, 1% sodium deoxycholate, and 0.05% SDS, broken into
pieces on ice, and subjected to three freeze-thaw cycles.
After centrifugation at 15 000 g for 10 min at 4 C, 2-
mercaptoethanol and bromophenol blue were added to the
supernatant at final concentrations of 2% and 0.001%,
respectively. The tissue extracts (30 pg protein) wete
subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and the separated proteins transferred
onto Hybond ECL nitrocellulose membrane. After blocking
nonspecific binding sites with 5% skim milk, the membrane
was incubated with 1 000X diluted antibody, against ED1
and MIF (N-20, Santa Cruz Biotechnology, Inc.) at room
temperature for 1 h. The bound antibodies were detected
using an enhanced chemiluminescence detection kit (ECL
Plus, Amersham Life Science, Buckinghamshire, UK) and
the amount of each protein was quantified by densitometric
analysis?.

Statistical analysis

All data were expressed as meantSE. Differences between
groups were examined for statistical significance using the
Student’s #test or Cochran and Cox test. A P value less
than 0.05 denoted the presence of a statistically significant
difference.

RESULTS

Clinicopathological findings

The body weight gain was significantly greater in anti-ECP-
treated rats at d 4 and 7 after DSS treatment compared
with normal serum-treated rats (Figure 1). ECP antibody
clearly reduced acute clinical symptoms (diatrhea and/or
blood-stained stool, Table 1). Moreover, ECP antibody
improved various mucosal parameters; it reduced colonic
ulceration severity (Ulcer Index) from 61.1+25.5% (DSS)
to 43.1£29.4% (DSS+anti-ECP). The colon length was
13.440.4 cm in anti-ECP-treated rats and 12.3+0.6 cm in normal
serum-treated rats at 7 d after DSS treatment (Table 2).
DSS-induced shortening of the colon length was significantly
abrogated in anti-ECP-treated rats (P<0.05).

ECP expression in normal colonic mucosa and in colitis
HE- and immunohistochemically-stained sections showed
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Figure 1 Changes in body weight in normal serum- (open columns), anti-ECP-
(closed columns) treated rats during DSS treatment. The body weight gain after
DSS treatment was significantly greater in anti-ECP-treated rats compared with
normal serum-treated rats. Rats treated with the antibodies or normal serum
intraperitoneally were also treated with 3% DSS in drinking water for 7.d (n =7,
2P<0.05 vs DSS+normal serum).

Table 1 Clinical findings

Gross bleeding Diarrhea
Time (d) _
NS Anti-ECP NS Anti-ECP

1 0 0 0 0

2 0 14.3 14.3 14.3

3 14.3 0 14.3 14.3

4 0 0 0 0

5 14.3 0 28.6 14.3

6 429 14.3 28.6 0

7 429 28.6 0 0

Data are percentage of animals (1 =7).

Table 2 Effects of anti-ECP antibody on ulcer index and colon
length (mean+SE, n =7)

Group Ulcer index (%)"  Colon length (cm)
DSS+normal serum 61.1+25.5 12.340.6
DSS+anti-ECP 43.1+29.4° 13.4+0.4°

'Ulcer length/circumference length“100. *P<0.05 vs DSS+normal serum. "P<0.01
vs DSS+normal serum.

eosinophils and ECP-positive eosinophils in close proximity
to damaged crypts in the lamina propria and partially in the
extracellular interstitium of the colon of rats with DSS-
induced colitis (Figures 2A and B). The ECP antibody stained
activated eosinophils. In the normal colon, eosinophil infiltration
was hardly observed and ECP-positive activated eosinophils
were never seen in the colonic tissue (data not shown).

Histological findings

ECP antibody treatment cleatly suppressed DSS-induced
colitis as confirmed in HE-stained sections (Figures 2C and D).
Moteover, immunohistochemical studies for Ki-67 and
ED1 revealed that the ECP antibody treatment increased
the regenerative activity of the colonic epithelium and
downregulation of immune response (Figure 3). Expression
of ECP in activated eosinophils was associated with the
presence of erosions and inflammation. The number of
Ki-67-positive cells in the regenerative sutface epithelium/
circumference significantly increased in anti-ECP-treated

Figure 2 Colonic mucosa at 3 d post-DSS treatment showing eosinophils in the
lamina propria. HE staining (A) and immunostaining for ECP (B) as described
under Materials and methods. ECP-positive cells (brown) appear in close
proximity to damaged crypts in the lamina propria and partially in the extracellular
interstitium of DSS-induced colitis. Original magnification, x400. Colonic mucosa
at 7-d treatment of DSS. (C) Colonic ulceration in normal serum-treated rats. (D)
Reduced severity of colonic mucosal ulceration in anti-ECP-treated rats. HE
stain. Original magnification, x100.

Table 3 Effects of anti-ECP antibody on the Ki-67-positive cells in
the regenerative surface of colonic epithelium at d 7 after DSS
treatment (mean+SE, n = 7)

Group Ki-67-positive cells!
DSS+normal serum 14.0+6.5
DSS+anti-ECP 21.3+10.4°

"Number of Ki-67-positive cells/ circumference. *P<0.05 vs DSS+normal serum.

rats (21.3110.4) compared with normal serum-treated rats
(14.0£6.5) at d 7 after DSS treatment (P<0.05, Table 3
and Figure 3).

The number of ED1-positive macrophages in the lamina
propria of anti-ECP-treated rats at d 7 after DSS treatment
was less than that in normal serum-treated rats. Moreovetr,
the size of ED1-positive macrophages in the lamina proptia
of anti-ECP-treated rats at d 7 after DSS treatment was
smaller than that of normal serum-treated rats.

Western blot analysis
ECP antibody treatment significantly downregulated
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Figure 3 Colonic mucosa in normal serum-treated rats (A, C, and E) and anti-
ECP1-treated rats (B, D, and F) at 7-d treatment of DSS. HE staining (A and B),
immunostaining for Ki-67 (C and D) and ED1 (E and F) as described under
Materials and methods. Treatment with ECP antibody increased the number of
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Figure 4 Detection of ED1 (A) and MIF (B) by Western blot analysis in colonic
tissues after 7 d of DDS treatment in normal serum-treated rats (lanes 1-4) and
anti-ECP-treated rats (lanes 5-7). The colonic tissue was collected from the
lesion area and examined by Western blot analysis as described under Materials
and methods. The relative expression levels of ED1 and MIF in the damaged
colonic tissue were significantly lower in anti-ECP-treated rats than in normal
serum-treated rats. The relative protein expression was quantified by
densitometric analysis (n = 7, ?P<0.05 vs DSS+normal serum).

macrophage activation during 7-d treatment of DSS (Figure 4).
The expressions of both ED1 and MIF in the damaged
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Ki-67-positive cells in the regenerated surface epithelium and reduced the size
of activated macrophages present in the lamina propria. Original magnification,
x400.

colonic tissue at d 7 after DSS treatment decteased significantly
in anti-ECP-treated rats. The relative ED1 expression was
significantly lower in anti-ECP-treated rats (1.25%0.79) than
in normal serum-treated rats (3.62+1.83, P<0.05, » = 7).
Furthermore, the relative expression of MIF was significantly
lower in anti-ECP-treated rats (0.74£0.08) than in normal
serum-treated rats (0.94+0.08, P<0.05, » = 7).

DISCUSSION

A variety of clinical and experimental models has revealed
that eosinophils promote pro-inflammatory changes
mediated by their ability to release various cytotoxic
substances and a variety of lipid mediators and cytokines.
In type-2 helper T (Th2) cells-associated gastrointestinal
inflammatory conditions, increased levels of eosinophils
occur in the lamina propria in an eotaxin 1-dependent
mannetr?!. After mucosal alletgen challenge, eosinophils
under the regulation of 11.-5 accumulate in the esophagus,
an organ normally devoid of cosinophils. However, the
main role of IL.-5 in DSS-induced colonic inflammation is
to attract a population of eosinophils that do not appear to
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contribute significantly to the initiation or development of
tissue damage in this model of colitis™.

In 1974, the existence of an eosinophil-granule protein,
ECP, with a highly cytotoxic action, was reported by Olsson
and Vengel. ECP is antibacterial™, helminthotoxic®, elicits
the Gordon phenomenon when injected intrathecally into
rabbits, and is cytotoxic to tracheal epithelium™7%. Although
the mechanism of its cytotoxicity is not completely
understood, it is suggested to be due to the pore-forming
activity of ECP, which destabilizes lipid membranes?”, but
is unrelated to RNase activity?™. We demonstrated here that
a polyclonal antibody to eosinophil granule protein ECP
exhibits beneficial effects on various mucosal parameters
of DSS-induced colitis in rats. ECP expressed in activated
eosinophils of the colonic mucosa in DSS-induced colitis
were associated with the presence of injured crypts and
inflammation. The body weight gain was significantly greater
in anti-ECP-treated rats, compared with control rats. The
ECP antibody reduced acute clinical symptoms (diarrhea
and/or blood-stained stool), sevetity of colonic ulceration
and shortening of the colon length. Immunohistochemical
studies for Ki-67 and ED1 revealed that ECP antibody
treatment increased the regenerative activity of the colonic
epithelium and downregulation of the immune response.

Mucosal repair involves both the rapid migration of
cryptal enterocytes into the injured area of the mucosa,
and replacement of the mucosa by cell replicaton™!. Vatious
peptide growth factors regulate epithelial cell function within
the mucosal epithelium of the gastrointestinal tract. Recently,
Sinha ez a", reported preliminary data suggesting that
epidermal growth factor enemas are effective in the
treatment of active left-sided UC. Furthermore, Dignass e7
alPYl; demonstrated that hepatocyte growth factor (HGF)
modulates intestinal epithelial cell proliferation and migration,
thus enhancing epithelial cell restitution, the initial step of
gastrointestinal wound healing, in an iz vitro model.
Motreover, it was demonstrated that administration of
recombinant human HGF lessened colitis-associated weight
loss in rats as well as improved the clinical signs of colitis z
vivo®?. In our rat model, mucosal erosion was observed on
d 5 and accelerated on d 7, whereas the colon length was
reduced on d 7. Importantly, the ECP antibody enhanced
epithelial regeneration, leading to a reduction in size of
colonic mucosal erosions, although it was administered
concomitantly with DSS. In this regard, enhanced mucosal
repair allows for a more rapid recovery of epithelial barrier
function leading to reduced exposure to various luminal
agents that contribute to persistent colitis. Accordingly,
treatment with ECP antibody should reduce the
inflammatory response to these luminal stimuli.

MIF was originally identified as a lymphokine derived
from activated T cells that inhibits the random migration
of macrophages in vitro and is involved in delayed-type
hypersensitivity™. Moreovert, it is postulated that tumor
necrosis factor (TNF)-a and interferon (IFN)-y upregulate
MIF production in macrophages and, conversely, MIF
induces TNF-a production, forming a proinflammatory loop
within the cytokine networkP*. Gut monocyte macrophages
are responsible for production of MIF, which in turn
stimulates Th-1-type cytokines and features characteristic

of colitis. Swollen macrophages induced by DSS have been
seen in the mucosa with gland dropout and inflammatory
cell infiltration even under intact colonic epitheliumP?. Tt
seems that macrophage dysfunction, alterations of luminal
bacteria, and DSS toxic effects on the colonic epithelium
acted together to result in inflammatory ulcerative changes
of the colonic mucosa. Therefore, in our study, the ECP
antibody reduced macrophage activation such as the size
of ED1-positive macrophages and the expressions of ED1
and MIF proteins in damaged colonic mucosa induced by
DSS, resulting in downregulation of the immune response.

ECP s one of the major components of eosinophilic granules
with a molecular mass ranging from 16 to 21.4 ku. It exhibits
vatious biological effects both i vitro and in vivo®. Tt is
classified as a member of the ribonuclease (RNase) A
supergene family based on the homology of both nucleotide
and amino acid sequences. The homology of amino acid
sequence between rat ECP'™ and human ECPP7 is 54%.
When the amino acid sequence of rat ECP was compared
with that of human ECP, eight structural cysteines and three
amino acids, H15, K38, and H128, that are required for
RNase activity?” were found to be highly conserved. The
length of the signal peptide of rat ECP is equivalent to that
of human ECP. Maeda ¢ «/**, demonstrated that ECP is
growth-inhibitory and this ability of ECP to bind to heparin
or other carboxy hydrates on the cell surface is dependent
on tryptophan residues, W10 and W35. Interestingly, W10
is located at the P2 subsite of the catalytic domain of RNase
and controls the weak RNase activity of the protein™. ECP
alters the coagulation cascades!™”, augments fibrinolysis*!),
and regulates the classical pathway of complement!*. Our
results showed that the ECP antibody cleatly reduced acute
clinical symptoms of blood-stained stool. Our evaluation
of the ECP molecule including W10 and H15 in human
ECP enabled us to test the beneficial effects of anti-ECP
treatment on inflammatory disease, in which uncontrolled
cell growth could contribute to a delay in wound healing.
Further studies are needed to investigate this issue.

In summary, we demonstrated that treatment with an
antibody to ECP improved DSS-induced colitis in rats
possibly by increasing the regenerative activity of the colonic
epithelium and downregulation of the immune response.
This supports the concept that humanized anti-ECP
treatment could also be an effective therapy for IBDs.
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