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Abstract

There are four steps in the interaction between intestinal
microbes and mucosal inflammation in genetically
predisposed individuals from the viewpoints of basic
and clinical aspects of inflammatory bowel disease
(IBD). The first step is an interaction between intestinal
microbes or their components and intestinal epithelial
cells via receptors, the second step an interaction
between macrophages and dendritic cells and mucosal
lymphocytes, the third step an interaction between
lymphocytes and vascular endothelial cells, and the
fourth step an interaction between lymphocytes and
granulocytes producing proinflammatory cytokines or
free radicals and mucosal damage and repair. Recent
therapeutic approaches for IBD aim to block these four
steps in the intestinal inflammation of patients with IBD.
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INTRODUCTION

Ulcerative colitis and Crohn’s disease are the nonspecific

inflammatory bowel diseases (IBD) with unknown etiology.
Ulcerative colitis was described by Wilks and Moxon
in 1859, and Crohn’s disease by Crohn, Ginzburg, and
Oppenheimer in 1932 with their clinical and pathological

1 . - .
M Ulcerative colitis was not a common disease

analyses
before 1945 with an average annual incidence rate of
8.4 per 100000 population, but after 1945 it showed a
gradual rise in average annual incidence rate””. In Europe,
a steep rise in the incidence of Crohn’s disease began after
1945 and a high incidence of Crohn’s disease and a low
incidence of ulcerative colitis were reported in the 1980s.
After 1990 the incidence of Crohn’s disease increased
from 5.2 per 100000 population in 1988-1990 to 6.4 per
100000 population in 1997-1999, and that of ulcerative
colitis decreased from 4.2 to 3.5 per 100000 population,
respectivelym. However, in Asia, Hastern Europe, and
South America, the annual incidence rate of ulcerative
colitis and Crohn’s disease was low before 1990, but it
has been steadily increasing over last 10 years" . These
changes in incidence rates may be influenced by various
environmental factors, because the etiopathogenesis of
IBD is thought to be caused by the mutual reactions
among host susceptibility genes (CARD15/NOD2, HLA-
class II), environmental factors including enteric flora and

. . 9
food antigens, and abnormal immune balance!™”.

ETIOPATHOGENESIS OF IBD

Step 1: Interaction between microbes and epithelial cells

Human and murine studies of Crohn’s disease have shown
an increased expression of T-helper 1 (Thl) cytokines
by intestinal /amina propria lymphocytes characterized
by excessive production of intetleukin (IL)-12/IL-23,
interferon y and tumor necrosis factor (TNF) o. These
immune responses may be induced by defects in the
epithelial barrier, an increased intestinal permeability,
adherence of bacteria, and decreased expression of defen-
sins'"’, Intestinal epithelial cells have toll-like receptors
(TLR) to exert direct antibacterial effects via secretion
of antimicrobial peptides and play an important role
in the interrelation between the innate and adaptive
immunity of the intestine. Moreover, a single nucleotide
polymorphism of the nucleotide-binding oligomerization
domain 2 (NOD?2), which activates nuclear factor kB (NF-
kB), is one of candidates for the susceptibility genes of
Crohn’s disease, because CARD15/NOD?2 is expressed
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in intestinal epithelial cells and triggers human beta-
defensin (HBD)-2 transcription". In Crohn’s disease
patients with a mutation in the NOD2 gene, which is an
intracellular peptidoglycan receptor, the ileal Paneth cell
defensins, human defensin (HD)-2 and HD-3, which are
antimicrobial peptides are diminished"*"”. NOD2 mutant
macrophages were reported to produce larger amounts
of 1L-12 in response to stimulation with microbial
components than wild-type cells. Therefore, defects in
the innate immune response, which is important for
immunological protection against intestinal microbes,
investigated by Podolsky’s group, may contribute to the
deve-lopment of Crohn’s disease, especially of the ileal
type. However, Japanese and Korean patients with Crohn’s
disease have no mutations in the CARD15/NOD2
gene. Therefore, there be many routes between intestinal
microbes and intestinal epithelial cells and /lamina propria
antigen-presenting cells leading to the development of
Crohn’s disease.

When experimental mice which spontaneously
developing spontaneously severe colitis were raised under
specific pathogen-free conditions, they developed mild
gastrointestinal inflammation . Alteration of the intestinal
microflora by antibiotic or probiotic therapy may induce
and main-tain remission in colitis mice. Oral administration
of Lactobacillus GG induced and maintained remission of
some patients with Crohn’s disease. In addition, the VSL#3
probiotic-mixture containing 3600 billion bacteria good
for the intestine induced remission in patients with active
ulcerative colitis"”. One of the reasons under lying this
mechanism is that bacterial flagellin is a dominant antigen
in Crohn’s disease"”. When the intestinal epithelial cells
were exposed to flagellin, they produced chemokines that
induced subsequent migration of immature dendritic cells,
probably zia TLR5. Thete are many papers stressing that
probiotics and prebiotics were effective for the treatment
of IBD. Ewaschuk ¢ 4/’ demonstrated that Bacteroides
spp, Enterococcus faecalis, Enterobacter cloacae, intestinal
Helicobacter spp, Fusobacterium spp, adherent/invasive
E. coli strains, Eubacterium, and Peptostreptococcus spp
were aggressive intestinal microbes and that the beneficial
intestinal microbes wete Lactobacillus spp, Bifidobacterium
spp, Streptococcus salivarius, Saccharomyces boulardii,
Clostridium butyricum, Ruminococci, and E ¢/ Nissle 1917.
Altering the composition of the intestinal microflora using
probiotics and prebiotics is one of the promising therapies
for ameliorating chronic intestinal inflammation and may be
preventives against IBD in people with disease susceptibility
genes.

Step 2: Interaction between macrophages and dendritic
cells and T lymphocytes

There are numerous macrophages and dendritic cells
in the subepithelial space of mucosal lamina propria.
Intestinal dendritic cells in active Crohn’s disease patients
are matured and activated by antigens, and then have
an enhanced expression of TLR2 and TLR4. Toll-like
receptors in mucosal dendritic cells will recognize invading
microbes and their components, because the permeability
of interepithelial spaces is increased in the intestinal
mucosa in Crohn’s disease. Denderitic cells will be activated
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by Toll-like receptor signaling, via MyD88-dependent ot
independent pathways, and produce interferon y, TNF-q,
IL-6 and TL.-12/18. Thus, T cells activated by antigens may
undergo distinct developmental pathways, gaining effector
functions and properties.

T-helper cells are thought to differentiate into Thl
and Th2, and recently Th17 cells producing I1.-17 have
been found to induce autoimmunity and regulatory
T cells". Intestinal dendritic cells produce IL-12 and
IL-6. Antibodies against I11.-12 and -6 are effective for
the treatment of human Crohn’s disease. Intestinal
macrophages will be abnormally differentiated in the
subsets, producing excessive 11.-12 and I1.-23 in response
to bactetia in IL-10-deficient conditions”. On the other
hand, human and murine studies of ulcerative colitis
have shown an increased expression of atypical Th2
cytokines or natural killer (NK) T cells by /lamina propria
lymphocytes characterized by excessive production of
11.-13%" Intestinal inflammation may be induced by
an imbalance between the memory (effector) T cells
inducing inflammation and regulatory T cells suppressing
inflammation, probably due to loss of oral tolerance. In the
animal model of colitis, I1.-7 exacerbated chronic colitis
with expansion of memory IL-7R"™" CD4+ mucosal T
cells®. Kanai and Watanabe reported that naturally arising
CD4+CD25+ regulatory T cells suppressed the expansion
of colitogenic CD4+CD44™" CD62L-effector memory T
cells™. Tt was reported that colonic CD4+CD25 positive
regulatory T cells increased with disease activity in patients
with active ulcerative colitis™. A balance between effector
T cells and regulatory T' cells seems to be very important
for induction of colonic inflammation, because it was also
reported that CD8 regulatory T cells were decreased in the
colonic Jamina propria of patients with IBD". The Thl
and Th2 T cell responses that underlie IBD may depend
on NF-kB transcriptional activity. NF-kB proteins are
regulators of innate and adaptive immunity, inflammatory
stress, and proliferative and apoptotic responses of
cells to a number of different stimuli. Proinflammatory
cytokines such as TNF a and IL-6 are induced by the
immuno-competent cells after activation of NF-kB. NF-
kB is thought to provide a mechanistic link between
inflammation and cancer. In addition, the p38 mitogen-
activated protein kinase (MAPK) regulates the expression
of proinflammatory cytokines such as IL-8. Inhibitors
of intracellular transcriptional factors will be useful for
the treatment of IBD in the near future”™. After NF-xB
activation, anti-proinflammatory cytokine antibody therapy
such as infliximab, adalimumab and anti-II.-6 monoclonal
antibody (MRA) have been used for the treatment of

. . .. [26:29
Crohn’s disease and ulcerative colitis” .

Step 3: Interaction between lymphocytes and vascular
endothelial cells

Intestinal dendritic cells in active Crohn’s disease patients
were matured and activated upon exposure to intestinal
microbes or their components. Memory T cells sensitized
by antigens may proliferate and produce proinflammatory
cytokines, and then are transported in the mesenteric
lymph nodes zia intestinal lymphatics where they will be
modulated. They home again into the intestinal mucosa
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Figure 1 Schema of the pathogenesis of Crohn’s disease. TLR: toll-like receptors;
IL: interleukin; TNF: tumor necrosis factor; ECM: extracellular matrix; TGF:
transforming growth factor.

via the thoracic duct and this homing of lymphocytes is
induced by a mutual interaction between the receptors
L-selectin and a4f} integrin on CD4 T cells and endothelial
cell receptors. Anti-adhesion molecule antibody against
o4 integrin is effective for the treatment of Crohn’
s discase with a few complications such as progressive
multifocal leukoencephalopathy™. Intestinal lesions may
occur macroscopically and microscopically in a spotted
and regional manner in Crohn’s disease and diffusely
in ulcerative colitis. The pathologic features of Crohn’s
disease may occur in association with vascular injury, focal
arteritis, fibrin deposition, and arterial occlusion mainly
at the level of the /lamina propria, resulting in multifocal
gastrointestinal tissue infarction and lastly longitudinal
ulcers in a few years after occurrence of multiple aphthoid
ulcers (Figure 1). The majority of granulomas in Crohn’s
disease may be formed within or near the walls of blood
and lymphatic vessels, suggesting granulomatous vasculitis
as an early element in the path-ogenesis of Crohn’s
disease”™. Blockade of intestinal lymphatic flow and
mesenteric lymph nodes are also very important factors
in the pathogenesis of Crohn’s disease, because Crohn’s
disease reveals dilated lymphatic vessels and edema in the
mucosa and submucosa, resulting in intestinal protein loss
and albuminemia"**".

Step 4: Interaction between cytokines and mucosal
damage and repair

Intestinal inflammation occurring in ulcerative colitis is
characterized by the mucosal and submucosal infiltration of
numerous lymphocytes and granulocytes and the depletion
of goblet cells with crypt abscess in most of moderate and
severe cases (Figure 2). Goblet cell depletion is thought to
be induced by disturbed transformation of undifferentia-
ted cells into goblet cells under an environment exposed
to proinflammatory cytokines. Recently, granulocytes
including neutrophils have again attracted attention in
the pathophysiology of IBD, because leukopheresis is
effective for the treatment of active ulcerative colitis and
Crohn’s disease™ ", In experimental colitis induced by
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Figure 2 Schema of the pathogenesis of ulcerative colitis. IL: interleukin; MCP:
monocyte chemoattractant protein; TNF: tumor necrosis factor; APC: antigen-
presenting cells; LPL: lamina propria lymphocytes; AcCD4Tcell: activated
CD4Tcell; PMN: polymorphonuclear cell; ROS: reactive oxygen species; mono:
monocyte; MadCAM: mucosal addressin cell adhesion molecule; VCAM: vascular
cell adhesion molecule.

dextran sulfate sodium (DSS), deletion of neutrophils by
administration of antibody against neutrophils decreased
sevetity of colonic inflammation and production of reactive
oxygen speciesﬁgl. IL-8 may induce mucosal infiltration
of neutrophils at first and then lymphocytes. Mucosal
IL-8 is produced by macrophages, colonic epithelial cells
and neutrophils when they wete activated by antigens and
proinflammatory cytokines[”]. The mucosal levels of I1.-8
were closely correlated with levels of luminol-dependent
chemiluminescence and myeloperoxidase in the mucosa
of patients with ulcerative colitis™. On the other hand,
lower neutrophil accumulation in the intestine and lower
production of II.-8 were found in Crohn’s disease than in
ulcerative colitis™. Production of reactive oxygen species
by polymor-phonuclear cells was not increased in Crohn’s
disease when compared with that of controls™. Activation
of neutrophils was induced in contact with activated
platelets via P-selectin, resulting in neutrophil-mediated
tissue injury zia excessive production of free radicals™,
Therefore, active chronic inflammation is a very important
factor for the pathogenesis of ulcerative colitis.

Oxidative stress-induced intestinal epithelial cell injury
may be induced e Rho/ROK/PKC pathway activation™,
However, precise mechanisms of free radicals-induced
cell injury have not been clarified in human ulcerative
colitis. There is a clinical trial reporting that lecithinized
superoxide dismutase was effective for the treatment of
ulcerative colitis™. However, in transgenic mice overex-
pressing human CuZn-SOD, the severity of colitis and the
levels of myeloperoxidase in DSS colitis were worsened,
implying divergent roles of superoxide and nitric oxide.
The mesenchymal cells including fibroblasts, endo-thelial
cells involved in angiogenesis, and platelets may play an
important role in the pathophysiology of IBD. Fibroblasts
and platelets are very important factors for ulcer healing
and tissue remodelingm. Microvessels having strongly
positive staining of oV B3 integrins were increased in
density in the colonic mucosa of IBD. Activated platelets
released CD40L. which was involved in the CD40/CD40L
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system and reactive oxygen species from granulocytes
when they contacted granulocytes of patients with active
IBD™. Reconstitution of damaged tissues and epithelial
cells is one of targets for wound healing. Watanabe's
group found that bone-marrow derived cells could
promote the regeneration of damaged epithelia in human
gastrointestinal tract™™", In bone -marrow transplantion
recipients, epithelial cells of donor origin were distributed
throughout the gastrointestinal tract. Bone-marrow
transplantation has been tried clinically as one of the
treatment for Crohn's disease™".

CONCLUSION

There are four steps in the interaction between intestinal
microbes and mucosal inflammation in individuals
genetically pre-disposed to IBD. The first step is
an interaction between intestinal microbes or their

components and intestinal epithelial cells »iz receptors
including Toll-like receptors, the second step an interaction
between macrophages and dendritic cells and mucosal
lymphocytes, the third step an interaction between
lymphocytes and vascular endothelial cells, and the fourth
step an interaction between lymphocytes and granulocytes
producing proin-flammatory cytokines or free radicals and
mucosal damage and repair. Recent therapeutic approaches
for IBD are to block these four steps in the intestinal
inflammation of patients with IBD.
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