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Abnormally Differentiated Subsets of Intestinal Macrophage
Play a Key Role in Thl-Dominant Chronic Colitis through
Excess Production of IL-12 and IL-23 in Response to Bacteria®

Nobuhiko Kamada,* Tadakazu Hisamatsu,* Susumu Okamoto,* Toshiro Sato,*
Katsuyoshi Matsuoka,* Kumiko Arai,* Takaaki Nakai,* Akira Hasegawa,* Nagamu Inoue,*
Noriaki Watanabe," Kiyoko S. Akagawa,* and Toshifumi Hibi?*

Disorders in enteric bacteria recognition by intestinal macrophages (M) are strongly correlated with the pathogenesis of chronie
colitis; however the precise mechanisms remain unclear. The aim of the current study was to elucidate the roles of M in intestinal
inflammation by using an IL-10-deficient (IL-10"'") mouse colitis model. GM-CSF-induced bone marrow-derived M¢ (GM-Md)
and M-CSF-induced bone marrow-derived M¢ (M-Md) were generated from bone marrow CD11b™* cells. M-Md from IL-10~"~
mice produced abnormally large amounts of IL-12 and IL-23 upon stimulation with heat-killed whole bacteria Ags, whereas
M-Md from wild-type (WT) mice produced large amounts of IL-10 but not IL-12 or IL-23. In contrast, IL.-12 production by
GM-Md was not significantly different between WT and IL-10"/~ mice. In ex vivo experiments, cytokine production ability of
colonic lamina propria M¢ (CLPMd) but not splenic M@ from WT mice was similar to that of M-Me, and CLPM ¢ but not
splenic M from IL-10"/~ mice also showed abnormal IL-12p70 hyperproduction upon stimulation with bacteria. Surprisingly,
the abnormal IL-12p70 hyperproduction from M-Mg from IL-10~/~ mice was improved by IL-10 supplementation during the
differentiation process. These results suggest that CLPM ¢ and M-Md act as anti-inflammatory M and suppress excess inflam-
mation induced by bacteria in WT mice. In IL-10"'" mice, however, such Md subsets differentiated inte an abnermal phenotype
under an IL-10-deficient environment, and bacteria recognition by abnormally differentiated subsets of intestinal M@ may lead
to Thl-dominant colitis via IL.-12 and IL-23 hyperproduction. Our data provide new insights into the intestinal M to gut flora

relationship in the development of colitis in IL-10"" mice.

acrophages (M¢),? the major population of tissue-res-
ident mononuclear phagocytes, play key roles in bac-

[ terial recognition and elimination as well as in polar-
ization of innate and adaptive immunities. M¢ are activated by
microbial pathogen-associated molecular patterns (PAMPs)
through pattern-recognition receptors, such as TLRs (1, 2), and
produce proinflammatory cytokines such as IL-12 and IL-23,
thereby leading to development of Thl immunity (3). Besides
these classical antibacterial immune roles, it has recently become
evident that M also play important roles in homeostasis mainte-
nance, such as inflammation dampening, via production of anti-
inflammatory cytokines such as IL-10 and TGF-j3, debris scaveng-
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ing, angiogenesis, and wound repair (4-6). IL-10 and IL-12 are
two key players in these processes, usually acting in opposition,
with IL-10 inhibiting IL-12 production. Therefore, loss of balance
between [L-12 and 11.-10 can lead to disproportionate pathology or
immunosuppression.

Although precise etiologies of inflammatory bowel diseases
(IBDs) including Crohn’s disease and ulcerative colitis remain un-
clear, pathogenic roles of the gut flora in initiation and perpetua-
tion of intestinal inflammation have been proposed (7). Recently,
it has become evident that abnormal innate immune responses to
bacteria are responsible for the pathogenesis of IBD. For instance,
mutations in nucleotide-binding oligomerization domain (NOD)2
highly correlated with disease incidence in a substantial subgroup
of patients with Crohn’s disease (8, 9). NOD2 mutant M¢ were
reported to produce large amounts of IL-12 in response to stimu-
lation with microbial components, compared with wild-type (WT)
cells, and to promote Thl immunity (10). Thus, disorders in bac-
terial recognition by M¢ strongly correlate with pathogenesis of
IBDs (11-13).

IL-10-deficient (IL-107'") mice develop spontaneous chronic
colitis and are widely used as a colitis animal model for human
IBDs (14). IL-10™'~ mice show Thl polarized immunity upon
exposure to bacteria, whereas germfree conditions prevent devel-
opment of intestinal inflammation (15), and treatment with antibi-
otics attenuates intestinal inflammation (16, 17). These facts sug-
gest that enteric bacteria play essential roles in onset and
development of colitis in IL-10"/" mice, similar to human IBDs.
Recently, the following pathogenic aspects of Md¢ in 1L-107/~
mice have been reported: APC such as M¢ and dendritic cells
(DC), from IL-10""" mice were potent activators of Thl responses
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from naive or immune T cells (18, 19); M¢ from IL-107/" mice
were hyperreactive to microbial components (20); and M¢ deple-
tion prevented chronic colitis in IL-107/" mice (21). Based on
these reports, M¢ and DC are considered to play key roles in the
pathogenesis of colitis in IL-107'" mice, although mechanisms for
bacterial recognition by APC that induces a Thl bias and devel-
opment of intestinal inflammation remain unclear. Previous studies
suggested that IL-12 was crucial for development of colitis in IL-
107" mice because mice deficient for both IL-10 and IL-12p40
showed no intestinal inflammation, and treatment with anti-
TL-12p40 Abs markedly reduced intestinal inflammation (22, 23).
Until now, however, how IL-10 deficiency affects IL-12 produc-
tion from M¢ in mice has not been thoroughly analyzed.

In the present study, we examined whether IL-10-deficient condi-
tions affected differentiation and functions of bone marrow (BM)-
derived M¢ subsets and intestinal M, and investigated how bacteria
recognition by M¢ induced a Thl polarization and intestinal in-
flammation in IL-10"/" mice. We found that M-CSF-induced
BM-derived M¢ (M-M¢) and intestinal M, but not GM-CSF-
induced BM-derived M¢ (GM-Md¢) or splenic M¢ from
IL-107'" mice showed abnormal hyperproduction of IL.-12 and
1L-23 upon stimulation with bacteria. More importantly, our
results suggested that endogenous IL-10 played an essential role
in differentiation of the anti-inflammatory M¢ subset induced
by M-CSF.

Materials and Methods
Reagents

Recombinant mouse GM-CSF, M-CSF, and IL-10 were purchased from
R&D Systems. Gel filtration grade LPS (Escherichia coli O111:B4), mu-
ramyl-dipeptide (MDP), and Staphylococcus aureus peptidoglycan (PGN)
were obtained from Sigma-Aldrich. Pam,CSK, and E. coli ssDNA were
obtained from InvivoGen.

Bacteria hear-killed Ags

A Gram-negative nonpathogenic strain of E. coli (25922; American Type
Culture Collection (ATCC)) was cultured in Luria-Bertani medium, and a
Gram-positive strain of Enterococcus faecalis (29212, ATCC) was cul-
tured in brain-heart infusion medium. Bacteria were harvested and washed
twice with ice-cold PBS. Then, bacterial suspensions were heated at 80°C
for 30 min, washed. resuspended in PBS, and stored at —80°C. Complete
killing was confirmed by 72 h incubation at 37°C on plate medium.

Mice

Specific pathogen-free WT C57BL/6J mice were purchased from Charles
River Breeding Laboratories. WT and IL-107/" (C57BL/6J background)
mice were housed under specific pathogen-free conditions at the animal
center of Kitasato Institute Hospital and Keio University (Tokyo, Japan).
All experiments using mice were approved by and performed according to
the guidelines of the animal committee of Keio University and Kitasato
Institute Hospital.

Preparation of BM-derived M¢

BM cells were isolated from femora of 7- to 12-wk-old mice. After sep-
aration of BM mononuclear cells by gradient centrifugation, CD11b™ cells
were purified using a magnetic cell separation system (MACS; Miltenyi
Biotec) with anti-mouse CD11b microbeads. To generate BM-derived
GM-M¢ and M-M¢, CD11b™ cells (5 X 10° cells/ml) were cultured for 7
days with GM-CSF (20 ng/ml) and M-CSF (20 ng/ml), respectively. In
some experiments, to determine effects of IL-10 during differentiation of
M-M¢, BM CD11b" cells from IL-107/~ mice were cultured with M-CSF
and various concentrations of exogenous IL-10. After differentiation, cells
were washed three times with HBSS to remove residual IL-10.

Flow cytometry analysis

Day 7 BM-derived GM-M¢ and M-M¢ were harvested with EDTA and
washed with ice-cold PBS. Then, cells were preincubated with 1 pg/ml
mAb CD16/CD32 to block FeyR, and stained with mAbs CD11b, Gr-1,
TLR4/MD2, or TLR2 (all from eBiosciences), mAbs CD80 or CD86 (both
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from BD Pharmingen) or their isotype control Abs for 20 min at 4°C. After
staining, cells were washed with PBS, stained with propidium iodide, and
analyzed using a FACSCalibur (BD Pharmingen). The CellQuest software
was used for data analysis.

Activation of BM-derived M by PAMPs

Day 7 BM-derived GM-M¢ and M-Md¢ were harvested, plated on 96-well
tissue culture plates (1 X 10° cells/well) in RPMI 1640 medium supple-
mented with 10% FBS, antibiotics, and 20 ng/ml GM-CSF or M-CSF, and
incubated for 12-16 h. Before each experiment, M¢ were washed three
times with HBSS (Sigma-Aldrich) to completely remove secreted or sup-
plemented cytokines from the supernatant, and were stimulated with either
LPS (100 ng/ml), PGN (2 pg/ml), Pam,CSK, (500 ng/ml), E. coli ssDNA
(10 pg/ml), MDP (10 pg/ml), or heat-killed bacteria (multiplicity of in-
fection (MOI) = 100) for 24 h. Culture supernatants were collected, passed
through 0.22-um pore size filters, and then stored at —80°C until the cy-
tokine assay.

Isolation of colonic lamina propria M (CLPM¢) and
splenic M¢

Lamina propria mononuclear cells were isolated using a modified protocol
as previously described (25). Briefly, mice were sacrificed, and colonic
tissues were removed. Isolated colons were washed with HBSS, dissected
into small pieces, and incubated in HBSS containing 2.5% FBS and 1 mM
DTT (Sigma-Aldrich) to remove any mucus. Then, the pieces were incu-
bated in HBSS containing 1 mM EDTA (Sigma-Aldrich) twice for 20 min
each at 37°C, washed three times with HBSS, and incubated in HBSS
containing 1 mM collagenase type IV (Sigma-Aldrich) for 2 h at 37°C.
Digested tissues were filtered and washed twice with HBSS. Isolated cells
were resuspended in 40% Percoll (Pharmacia Biotech), layered onto 75%
Percoll, and centrifuged at 2000 rpm for 20 min. Cells were recovered from
the interphase and washed with PBS. CLPM¢ and splenic M¢ were pu-
rified by positive selection from lamina propria mononuclear cells or un-
fractionated splenocytes using MACS CDI11b microbeads (Miltenyi Bio-
tec) as previously described (24, 26).

Activation of M¢ by whole bacteria Ags

BM-derived M¢, and isolated CLPM¢ and splenic M¢ were plated on
96-well tissue culture plates (1 X 10° cells/well) in RPMI 1640 medium
supplemented with 10% FBS and antibiotics, and stimulated by heat-killed
bacterial Ags (MOI = 100) for 24 h at 37°C. Culture supernatants were
collected, passed through a 0.22-um pore size filter, and stored at —80°C
until the cytokine assay.

Cytokine assay

A mouse inflammatory cytometric beads array (CBA) kit (BD Pharmingen)
was used for cytokine measurements, according to the manufacturer’s in-
structions. Samples were analyzed using a FACSCalibur (BD
Pharmingen).

Quantitative RT-PCR

After 8 h of stimulation by bacterial Ags, total RNA was isolated from M¢
using an RNeasy Mini kit (Qiagen). In some experiments, RNA was iso-
lated from colonic tissues and spleen. cDNA was synthesized with Om-
niScript reverse transcriptase (Qiagen). For quantitative RT-PCR, TaqgMan
Universal PCR Master Mix and TagMan Gene Expression Assays for mu-
rine IL-12p35, IL-12p40, 1L-23p19, M-CSF, GM-CSF, and B-actin (Ap-
plied Biosystems) were used. PCR amplifications were conducted in a ther-
mocycler DNA Engine (OPTICON2; MJ Research). Cycling conditions for
PCR amplification were 50°C for 2 min and 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 1 min.

Statistical analysis

Statistical significance of differences between two groups was tested using
a Student’s ¢ test. For comparison of more than two groups, ANOVA was
used. If the ANOVA was significant, Dunnett’s multiple comparison test or
Scheffe’s test were used as a post hoc test.

Results

GM-Md and M-Md derived from BM CDI11b™ cells from IL-
107" mice do not differ significantly from those derived from
WT mice in morphology and cell surface Ag expressions

When BM-derived CD11b™ cells from WT mice were cultured in
M-CSF or GM-CSF for 7 days, they showed morphological
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changes characteristic of M« such as increases in size and adher-
ence, and were stained with nonspecific esterase (data not shown).
As shown in Fig. 1A, GM-CSF and M-CSF induced differentiation
of BM CD11b™ cells into two distinct subsets of adherent M¢,
which corresponded to human GM-M¢ and M-M¢ (27). GM-Md
derived from BM CD11b" cells had a rounded morphology and
possessed dendrites, similar to DCs. In contrast, M-M¢ derived

A

GM-Mo M-Mo

CD1i1b

Gr-1

cD8o

CDgs

TLR2

TLR4

MHCH

FIGURE 1. In vitro differentiated M¢ from WT and IL-10™/" mice do
not differ in morphology and surface marker expressions. A, BM CD11b™
cells from WT and IL-107/" mice were polarized into M with GM-CSF
or M-CSF for 7 days. B, Polarized M¢ from WT and IL-10™/~ mice (KO)
were stained with the indicated mAbs and analyzed by flow cytometry.
Profiles of specific Ab staining (shaded histograms) and staining with iso-
type controls (open histograms) are shown. Data shown are representative
of five independent experiments.
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from BM CD11b™ cells had an elongated spindle-like morphol-
ogy. FACS analysis revealed that GM-Md expressed higher levels
of MHC class II molecules and costimulatory molecules CD80
compared with M-Md¢ (Fig. 1B and Table I). Expression of Gr-1
was also different between them; i.e., GM-M¢ but not M-Md¢ ex-
pressed Gr-1 (Fig. 1B and Table I). However, CDllc, a DC
marker, was not expressed on both M (data not shown).

Next, we compared the two M subsets derived from IL-10""~
BM CD11b* cells with those from WT BM CDI11b™ cells. As
shown in Fig. 14, both GM-M¢ and M-Mé¢ from IL-10"'~ BM
CD11b* cells showed normal morphological characteristics. Flow
cytometric analysis further revealed that these Md¢ subsets from
IL-10""" mice did not differ from those in WT mice in their cell
surface Ag expressions (Fig. 1B and Table I). These results suggest
that GM-M¢ and M-M¢ from IL-10~/" mice are similar to those
in WT mice, at least in terms of morphology and cell surface Ag
expression.

BM-derived M-M¢ from WT mice show an anti-inflammatory
phenotype in response to PAMPs and whole bacterial Ags

To determine the immunological responses of GM-M¢ and M-M¢
from WT mice to PAMPs stimulation, M¢ were stimulated with
various kinds of PAMPs for 24 h, and production levels of IL-
12p70 and IL-10 in culture supernatant were measured. As shown
in Fig. 24, none of the stimuli tested induced IL.-12p70 production
from both M¢ in WT mice. In contrast, the TLR4 ligand LPS,
TLR2 ligands PGN and Pam,CSK,, and TLR9 ligand E. coli
ssDNA induced IL-10 production by these M¢, although the
amounts produced were higher in M-M¢ compared with GM-M.
The NOD?2 ligand MDP did not induce either IL-12p70 or IL-10 in
either subset from WT mice.

Next, we examined the effects of whole bacterial Ags on these
M¢. In contrast to stimulation with PAMPs, stimulation of
GM-M¢ with heat-killed E. coli and E. faecalis induced IL-12p70
production (Fig. 2B). However, M-M¢ from WT mice did not
produce IL-12p70, but did produce large amounts of IL-10 in re-
sponse to the whole bacterial Ags (Fig. 2B). These results sug-
gested that M-M¢, but not GM-M¢, in WT mice act as anti-
inflammatory Md in the recognition of bacteria.

. BM-derived M-Md but not GM-M¢ from IL-107"" mice reveal

abnormal hyperproduction of IL-12 and IL-23 in response to
whole bacterial Ags

We next examined the effects of PAMPs and whole bacteria Ags
on GM-M¢ and M-M¢ from IL-107/" mice. In contrast to the
results obtained from M in WT mice, IL-107'~ Md¢ produced
IL-12p70 by stimulation with LPS or Pam;CSK4, although the
amounts were very low, and no significant differences were ob-
served between GM-M¢ and M-Md (Fig. 34). The use of 10-fold
higher concentrations of these PAMPs did not induce higher levels
of IL-12p70 either (data not shown).

Upon whole bacteria stimulation, such as with heat-killed E. coli
and E. faecalis, GM-M¢ from IL-10"'" mice produced similar
levels of IL-12p70 to WT GM-Mé¢, although they lacked 1L-10
production ability (Fig. 3B). Surprisingly, in contrast to WT
M-Mo, M-M¢ from IL-10~'~ mice produced significantly large
amounts of IL-12p70 upon stimulation with whole bacterial Ags
(Fig. 3B). In addition, a lower dose of the whole bacteria Ag
(MOI = 10) also induced abnormally large IL-12p70 production
(data not shown). )

To further confirm this abnormal IL-12p70 hyperproduction by
IL-107"~ M-M¢, gene transcriptions of IL-12p35, p40, and 1L-
23p19 were analyzed using real-time quantitative PCR. Results
revealed that basal expressions of these genes before stimulation
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Table I.  Expression of surface Ags on BM-derived different subsets of macrophage®
AMFI
WT KO
GM-M¢ M-Mo GM-Mé M-Mé
CDl11b 1174.2 * 155.5% 509.5 = 58.7 1229.7 = 15.5% 388.2 + 58.5
Gr-1 93.1 = 3.4x 0.0+00 63.7 £ 7.6% 0.0 =00
CD80 2904 *+ 34.2% 734+ 275 383.0 = 4.1= 386 +25
CD86 145+ 1.6 36.2 = 8.1 26.7 + 0.9 359 34
TLR2 348.6 = 18.6 3424 = 1188 386.0 = 48.8 2200 £ 4.4
TLR4/MD2 7.6 £21 184 =08 87 x 43 18.8 =48
MHC-1I 20.6 £ 3.7+ 1.7+ 04 244+ 59% - 1.5+03

“ Data indicated as AMFI (geometric mean fluorescence intensity (MFI) of each Ab staining minus MFI of control 1gG staining), and are expressed as mean = SEM of five

independent experiments. *, p < 0.01 compared with M-M¢ (Sheffe’s test)

were almost undetectable in GM-M¢ and M-M¢ from both WT
and IL-10"'" mice (data not shown). Upon stimulation with E.
coli, their expressions were detected in GM-Md¢ from both WT
and IL-10"'" mice, and expression levels in GM-M¢ from IL-
107/~ mice were ~3- to 4-fold higher than levels in WT mice
(Fig. 3C). In contrast, expression levels of those genes were quite
different in M-M¢@ from WT and IL-10"/" mice. These transcripts
remained at very low levels in WT M-M¢ even after stimulation;
however, IL-107'" M-M¢ showed markedly high expressions of
IL-12 and 1L-23 genes (Fig. 3C).

These results suggest that GM-M¢ can produce 1L-12 and IL.-23
in response to bacterial stimuli, whereas M-M¢ cannot produce
these cytokines but rather produce anti-inflammatory cytokine IL-
10. The results also suggested that endogenous IL-10 strongly con-
tributes to inhibition of IL-12p70 production in M-M¢ but not
GM-M¢. Thus, IL-107'" M-M¢ may contribute to Thl polariza-
tion by producing IL-12p70 upon stimulation with bacteria.

Exogenous IL-10 supplementation at the time of stimulation with
whole bacteria Ag inhibits abnormal IL-12p70 hyperproduction
by IL-107"" M-M¢

Because M-Md, but not GM-Md, from IL-107'" mice showed
abnormal IL-12 and IL-23 hyperproduction in response to stimu-
lation with E. coli, we further examined how absence of IL-10 led
to IL-12 and 11-23 hyperproduction from M-Md¢p. M-Md¢ from
IL-107'" mice were stimulated with heat-killed bacterial Ags con-
comitant with a supplementation of exogenous IL-10 (Fig. 44).
Abnormal IL-12p70 hyperproduction by M-M¢ from IL-107'~
mice was completely suppressed by exogenous IL-10 in a dose-
dependent manner (Fig. 4B). In addition, IL-10 had similar inhib-
itory effects on productions of other proinflammatory cytokines
(TNF-a and IL-6) from IL-10"/" M. These findings were con-
sistent with a previous report showing that IL-10 inhibited pro-
duction of several proinflammatory cytokines by Md, including
IL-12 (28). These results suggest that IL-10 inhibits the production
of proinflammatory cytokines by M-M¢ in response to stimulation
with whole bacteria Ags.

Exogenous IL-10 supplementation during the differentiation
process attenuates abnormal IL-12p70 hyperproduction by IL-
1077 M-Mdé

As described, IL-10 production by M-Md in response to bacteria
is important for suppression of IL-12p70 production, as well as for
other cytokine productions; however, how IL-10 acts on the dif-
ferentiation process of BM CDI11b* cells still remains unclear.
Therefore, we examined the role of IL-10 in differentiation of
M-M¢ from BM CD11b™ cells. BM CD11b™ cells from IL-107/~
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mice were differentiated into M-M¢ with M-CSF in the presence
of exogenous IL-10. Polarized M-M¢ were thoroughly washed to
remove any residual IL-10, and then stimulated by heat-killed E.
coli without exogenous IL-10 (Fig. 5A). Interestingly, M-Md dif-
ferentiated from IL-107/" mice in the presence of M-CSF and
exogenous IL-10 was unable to induce large amounts of IL-12p70
production in response to stimulation with E. coli, although exog-
enous IL-10 was removed from the culture supernatant before bac-
terial Ags were added (Fig. 5B).

Contrary to the production of IL-12p70, the other proinflamma-
tory cytokines (TNF-a and IL-6) were only partially or not sig-
nificantly suppressed by 1L-10 supplementation during the differ-
entiation process. Moreover, consistent with IL-12p70 results,
levels of IL-12p35, IL-12p40, and IL-23p19 mRNA transcripts
were significantly reduced in IL-10™'~ M-M¢ differentiated in the
presence of exogenous IL-10 (Fig. 5C). These results suggest that
endogenous IL-10 is an essential cytokine for functional differen-
tiation of M-Md, especially for maturation of the phenotype as
anti-inflammatory M¢, which cannot produce IL-12p70 while pro-
ducing large amounts of IL-10..

CLPMd¢ but not splenic M show functional similarity to BM-
derived M-M in the production of IL-10 and IL-12

It became evident that in vitro differentiated M-Md, but not GM-
M, from IL-107'" mice showed abnormal responses to whole
bacteria Ags. Hence, we further analyzed CLPM¢ from WT and
IL-10™'" mice to investigate how intestinal M act in vivo and
contribute to trigger and develop Thl-dominant inflammation in
IL-10"" mice. CLPM¢ from WT mice did not produce IL-12p70
upon stimulation with heat-killed E. coli, but instead produced
large amounts of IL-10, and the levels were similar to those of
BM-derived M-M¢ (Fig. 64). In contrast, CLPM¢ from IL-107'~
mice produced significantly larger amounts of IL-12p70 in re-
sponse to stimulation with the bacteria, and levels were similar to
those of BM-derived M-M¢ from IL-10""~ mice (Fig. 64). In
contrast to CLPM¢, abnormal IL-12p70 hyperproductions by bac-
teria were not observed in splenic M¢ from IL-107'" mice, al-
though TNF-« induction levels were similar to those of CLPMd¢
(Fig. 6A). Similar results were obtained when CLPM¢ from WT
and IL-107/" mice were stimulated with heat-killed E. faecalis
(data not shown).

These results suggest that CLPM¢ revealed a functional simi-
larity to that of M-Md, that CLPM¢ from WT mice act as anti-
inflammatory M¢ via production of large amounts of IL-10, and
that CLPM¢ from IL-107'" mice contribute to the development
of Thl-dominant colitis via the abnormal hyperproduction of
IL-12p70.
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FIGURE 2. BM-derived M-M¢ from WT mice reveal an anti-
inflammatory phenotype in response to PAMPs and whole bacterial Ags. A,
Polarized GM-M¢ and M-Md¢ (1 X 10° cells) from WT mice were stim-
ulated with LPS (100 ng/ml), PGN (2 pg/ml), Pam;CSK, (500 ng/ml), E.
coli ssDNA (10 pg/mi), or MDP (10 pg/ml) for 24 h. The amounts of
1L-12p70 and IL-10 in the culture supernatants were measured using a
CBA kit. Data are expressed as the mean = SEM from five independent
experiments for LPS, PGN, Pam;CSK,, and ssDNA and three independent
experiments for MDP. B, GM-M¢ and M-Md¢ (1 X 10° cells) from WT
mice were stimulated with a heat-killed Gram-negative strain of E. coli or
a heat-killed Gram-positive strain of E. faecalis (MOI = 100). Data are
expressed as the mean + SEM from seven independent experiments. N.D.,
Not detected.

Therefore, we next assessed the expression of M-CSF and GM-
CSF in colonic tissues and spleen because M-CSF and GM-CSF
are different in their activity to induce anti-inflammatory M¢ as
described. M-CSF to GM-CSF expression level ratios in murine
colonic tissues were dramatically higher than in spleen (Fig. 6B).

These results demonstrate that M-CSF rich environment in co-
lonic tissues may contribute the differentiation of intestinal Md
into anti-inflammatory M-M¢ phenotype.
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FIGURE 3. BM-derived M-M¢ from IL-107/" mice produced large
amounts of IL-12p70 in response to whole bacteria Ags. A, GM-CSF- or
M-CSE-induced M¢ (1 X 10° cells) from IL-10™'~ mice (KO) were stim-
ulated with LPS (100 ng/ml), PGN (2 pg/ml), Pam;CSK, (500 ng/mi), E.
coli ssDNA (10 pg/ml), or MDP (10 pg/ml) for 24 h. Data are expressed
as the mean = SEM from five independent experiments for LPS, PGN,
Pam;CSK,, ssDNA and three independent experiments for MDP. B, GM-
CSF- or M-CSF-induced M¢ (1 X 10° cells) from WT and mice were
stimulated with heat-killed E. coli or E. faecalis (MOI = 100) for 24 h.
Data are expressed as the mean * SEM from seven independent experi-
ments. N.D., Not detected. *=%, p < 0.001 compared with WT M¢ (Stu-
dent’s ¢ test). C, GM-M¢ and M-Md (1 X 10° cells) were stimulated by
heat-killed E. coli (MOI = 100) for 8 h. The gene expressions of IL-12p35,
1L-12p40, and IL-23p19 were analyzed by real-time quantitative PCR and
normalized by the amount of B-actin transcripts. Data indicate the fold
expression compared with WT mice and are expressed as the mean * SEM
from three independent experiments.

Discussion

The results we present revealed that CLPM¢ and M-CSF-induced
M-Md¢ in WT mice produce large amounts of I1.-10, but not IL-12
and IL-23 upon stimulation with whole bacteria Ags. In contrast,
GM-CSF-induced GM-M¢ in WT mice produce IL-12 and 1L.-23
despite of IL-10 production. In contrast, we first demonstrated that
CLPM¢ and BM-derived M-M¢ in IL-10"'" mice produced ab-
normal large amounts of IL-12 and IL-23 upon stimulation with
bacteria, but splenic M¢ and BM-derived GM-M¢ in IL-107'~
mice were not significantly different from those in WT mice. These
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FIGURE 4. Exogenous IL-10 prevents the production of proinflamma-
tory cytokines by M-M¢ from IL-10™'" mice. A, Schema of the experi-
ment. B, M-Mdc (1 X 10° cells) from WT and IL-107/" mice (KO) were
stimulated with heat-killed E. coli (MOI = 100) for 24 h with or without
various concentrations of exogenous IL-10. The amounts of IL-12p70,
TNF-a, and IL-6 in the culture supernatants were measured using a CBA
kit. Data are expressed as the mean % SEM from three independent ex-
periments. N.D., Not detected. *%, p < 0.01 compared with IL-107'~ M¢
without IL-10 supplementation (Dunnett’s test).

results indicate that CLPMé usually acts as anti-inflammatory
M, however, CLPM¢ in IL-107'~ mice play key roles in Thi-
dominant chronic colitis through excess production of IL-12
and IL.-23.

In the present study, we demonstrated that GM-M¢ and M-Md¢p
were different not only in morphology or cell surface Ag expres-
sion but also in the production of proinflammatory cytokines IL.-
12, 11.-23, and anti-inflammatory cytokine IL-10 in response to
heat-killed bacteria, such as E. coli and E. faecalis. Such differ-
ences in cytokine production by M¢ generated under the influence
of M-CSF and GM-CSF were also reported in human monocyte-
derived M¢. Human monocyte-derived GM-Md¢ show potent Ag-
presenting functions, produce IL-12p40 and IL-23p19, but none to
low levels of IL-10 in response to mycobacteria and their compo-
nents, and promote development of Thl immunity (27, 29, 30). In
contrast, human monocyte-derived M-M¢ show low Ag-present-
ing activity and produce large amounts of IL-10 but no IL-12 or
11-23 (27, 29, 30). Thus, it is considered that these two subsets of
M¢ play opposite roles both in mice and humans; GM-M¢ act as
proinflammatory and M-Md act as anti-inflammatory M¢ in re-
sponse to bacteria. In contrast to mice BM-derived GM-Md, hu-
man monocyte-derived GM-M¢ can produce IL-23 but not IL-12
(29). Reasons for differences between our mice study and previ-
ously reported human studies might be attributed to differences in
the type of cells used (mouse BM-derived M¢ and human mono-
cyte-derived M¢) or in the stimulus used (E. coli and L. faecalis
vs mycobacteria and their components).

Because the intestinal mucosa of the gut is always exposed to
numerous enteric bacteria including both pathogenic and non-
pathogenic bacteria, it is considered that the gut may possess reg-
ulatory mechanisms preventing excessive inflammatory responses.
In fact, it was previously reported that human intestinal M¢ does

— 220 —

6905

wash
BM.COT1b> cell M-y i
7 days = 24h
s Cytokines
M-CSF + E.coli
i differantiation “ stimulation '

| w0 |

| -6 !

PN
s 2

.
& 3w

S aipiin (gt

g o 0 5 10 20 100 {71 I 11 D 5 10 20 100 e 9 8 5 10 20 100
| P35 | ] pag | | )

g 120 g 120 g 120

5 100 § 100 § 1o

2 e 5 0} i 80

g 50 & 60 f g a0

2 g 2w :

EY 5 20 , » 5 2

j+4 0 MeiSh L 4 9 b i i AW & 0 . Bl
(YU-10 (3) 118 (P10 (4110 10 (o) HetD

FIGURE 5. IL-10 supplementation during the differentiation process of
M-M¢ improves the abnormal IL-12 production upon stimulation with
whole bacterial Ags. A, Schema of the experiment. B, BM CD11b" cells
from IL-107/" mice (KO) were differentiated with 20 ng/ml M-CSF and
various concentrations of exogenous 1L-10 (0-100 ng/ml) for 7 days. The
M-M¢ were harvested, seeded at 1 X 10° cells/well, and incubated for
15-16 h. The cells were washed three times to remove any residual cyto-
kines and then stimulated by heat-killed E. coli (MOI = 100} tor 24 h. The
amounts of 1L-12p70, TNF-¢, and IL-6 in the culture supernatants were
measured using a CBA kit. Data are expressed as the mean = SEM from
10 independent experiments. N.D., Not detected. *, p << 0.05; #*, p < 0.01
compared with IL-107/" M¢ differentiated without IL-10 supplementation
(Dunnett’s test). C, BM CD11b* cells from IL-10""~ (KO) were polarized
with M-CSF (20 ng/ml) alone or M-CSF plus IL-10 (20 ng/ml). The po-
larized M¢ were stimulated by heat-killed E. coli (MOI = 100) for 8 h.
The mRINA expressions are shown as relative percentages of the levels in
knockout mice without IL-10 supplementation. Data are expressed as the
mean * SEM from five independent experiments. **, p < 0.01; ##%, p <
0.001; #, p < 0.0001 compared with levels in KO mice without IL-10
supplementation (Student’s ! test).

not express innate response receptors (31, 32). Although these
cells retained their phagocytic and bacteriocidal functions, they did
not produce proinflammatory cytokines in response to several in-
flammatory stimuli such as microbial components (31, 32). Thus,
recent studies have suggested that M¢ located in the intestinal
mucosa play important roles in the maintenance of intestinal ho-
meostasis by protecting the host from foreign pathogens (33) and
regulating excess immune responses to enteric bacteria (32).
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, not significant. %, p < 0.01 (Sheffe’s test). B, Expression of M-CSF and

GM-CSF in murine tissues from WT mice. Data are expressed as the ratio of M-CSF to GM-CSF expression.

Consistent with these human studies, our present study shows
that CLPM¢ in WT mice does not produce proinflammatory cy-
tokines IL-12 and IL.-23, and produced just few amounts of TNF-a
and IL-6 (data not shown) but large amounts of IL-10 upon stim-
ulation with heat-killed E. cofi and E. faecalis Ags. Thus, CLPMd
may act as anti-inflammatory Md in vivo, when encountering bac-
teria. These behaviors of CLPMd¢ were very similar to those of in
vitro differentiated M-Md. In agreement with this observation, our
present study showed that M-CSF to GM-CSF expression level
ratios in murine colonic tissues were higher than in other organs,
such as spleen. These results suggest that M-CSF-rich conditions
in colonic tissues might play an important role in differentiation of
CLPM¢ as anti-inflammatory Md. In accordance with this idea,
recent studies suggested that M-CSF is an essential growth factor
for development of intestinal M. The number of intestinal M¢ in
M-CSF-deficient op/op mice was significantly decreased (33, 34),
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and M-CSF was expressed in the lamina propria in the human
intestine (35).

IL-10™'" mice develop Th1 polarized spontaneous chronic co-
litis and are widely used as a colitis animal model for human IBDs
(14). It has been reported that enteric bacteria play essential roles
in onset and development of colitis in IL-10~'" mice, similar to
human IBDs (15). However, functional roles of enteric bacteria in
development of colitis in IL-107/~ mice have not been identified.
We demonstrated in this study that bacteria induce abnormal pro-
duction of proinflammatory cytokines IL-12 and IL-23 trom intes-
tinal M, but not splenic M¢ in IL-10"/" mice. Because IL-12
and IL-23 are key cytokines, which induce Th1 immune responses,
and IL-12 plays a critical role for the development of colitis in
IL-107/" mice (22, 23), these abnormal responses of intestinal M
in IL-107/~ mice to bacteria may cause Thl polarization and de-
velopment of colitis.
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In the present study, only stimuli from whole bacteria, but not
from PAMPs could induce the production of 1L-12p70, 1L-12 bio-
active form consisted of p35-p40 heterodimer, in differentiated
M¢ from BM CD11b™ cells. In general, TLR ligands such as LPS
only induce IL-12p40 subunits, but fail to induce IL-12p70 pro-
duction from M¢ without IFN-+ costimulation (36, 37). Consistent
with this, we also demonstrated that GM-M¢ and M-M¢ produced
none or just low levels of IL.-12p70 in response to stimulation with
various TLR ligands. In contrast, whole bacterial Ags induced IL-
12p70 production by GM-M¢ in WT and IL-107/" mice, and by
M-Mg¢ in IL-10™'" mice without IFN-y. Moreover, intestinal M¢
from IL-107'" mice also produced high levels of IL-12p70 in
response to stimulation with whole bacteria Ags without IFN-vy,
but did not induce IL-12p70 in response to LPS alone (data not
shown). These findings imply that TLR ligands and whole bacteria
may activate 1L-12p70 production through distinct mechanisms.
Because whole bacteria are internalized into M¢ by phagocytosis,
it is possible that cell surface receptors involved in phagocytosis
are different from TLRs, and can stimulate signaling for IL-12p70
production, and/or internalized bacteria stimulate IL-12p70 pro-
duction via an intracellular recognition pathway. These are impor-
tant observations that will help in understanding the pathogenesis
of enteric bacteria in development of colitis in IL-10~/" mice, and
clarification of these points are underway.

M¢ and DCs can produce both [1.-12 and IL-10, but IL-10 is
known to inhibit the production of not only IL-12 but also other
proinflammatory cytokines through several transcriptional regula-
tions (38-40). In fact, in the present study, we demonstrated that
abnormal IL-12p70 hyperproduction by M-Md in IL-107"" mice
were completely suppressed by exogenous IL-10 supplementation
concomitant with bacterial stimulation. These results indicated that
the lack of IL-10 production by bacterial stimulation may account
for the abnormal IL-12p70 hyperproduction by IL-107'" M-Md.
In the present study, however, we found that IL-10 also plays a
novel role for the differentiation of M¢ with anti-inflammatory
phenotype. We demonstrated that abnormal IL-12p70 production
by 1L-107/" M-M¢ in response to stimulation with bacteria was
significantly reduced by supplementation with IL-10 during the
differentiation process from BM cells to M-Md. Interestingly,
the effect of IL-10 on the differentiation of M¢ differs from that on
the concomitant stimulation with bacteria. In the former case, only
IL-12p70 production was significantly reduced, and TNF-« and
IL-6 productions were suppressed just a little or not at all. In
contrast, in the latter case, not only IL-12p70 but also other
proinflammatory cytokines (TNF-a and IL-6) were completely
suppressed. These results indicated that, in anti-inflammatory Md
subsets, IL-12 was regulated during the differentiation process by
endogenous IL-10, but TNF-« and IL-6 were not regulated in this
process. Thus, endogenous IL-10, which is induced during differ-
entiation of M-M¢, functionally regulates M¢ to acquire an
anti-inflammatory phenotype such as the hypoproduction of 1L.-12.
Moreover, abnormally differentiated BM-derived M-M¢ and
CLPM¢ in IL-10""" mice may show an abnormal response to
bacteria, produce extraordinary amounts of IL-12 and IL-23, and
contribute to the pathogenesis of colitis in IL-107/" mice. Simi-
larly to these results, we previously demonstrated that endogenous
IL-10 plays a key role in phenotype determination of M-M¢ in
humans (27, 41), and IL-10 is produced during the differentiation
of monocyte-derived M-M¢, but not of GM-Md (30). In human
{BDs, monocytes obtained from some patients who have Crohn’s
disease did not differentiate normally with M-CSF stimulation (T.
Hisamatsu, unpublished observation). This observation suggests
the possibility that M-M¢ from patients with Crohn’s disease
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show an abnormal phenotype and contribute to the pathogenesis of
intestinal inflammation.

In conclusion, results of the present study demonstrate that BM-
derived M-M¢ and intestinal M¢ show an anti-inflammatory phe-
notype, which involves the production of large amounts of IL-10,
but a failure to produce IL-12 and IL-23 upon stimulation with
bacteria, and intestinal M¢ may play important roles in gut ho-
meostasis. However, IL-10 deficiency during differentiation of
these M¢ altered their characteristics into a proinflammatory phe-
notype, which was characterized by the production of huge
amounts of IL-12 and IL-23 after bacteria recognition. Thus, these
abnormal responses of intestinal M upon the bacteria may con-
tribute to Thi polarization, and cause chronic colitis via IL-12 and
1L.-23 hyperproductions. Our data provide new insights into the
intestinal M to gut flora relationship in the development of colitis
in IL-107" mice.

Acknowledgments

We thank Drs. A, Nakazawa, T. Yajima, H. Chinen, and T. Kobayashi for
helpful discussions and critical comments. We dedicate this paper to the
memory of Akira Hasegawa, who passed away during this investigation.

Disclosures
The authors have no financial conflict of interest.

References

1. Janeway, C. A, Jr., and R. Medzhitov. 2002. Innate immune recognition. Ann.
Rev. Immunol. 20: 197-216.

2. Sieling, P. A, and R. L. Modlin. 2002. Toll-like receptors: mammalian “taste
receptors” for a smorgasbord of microbial invaders. Curr. Opin. Microbiol. 5:
70-75.

3. Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance and
adaptive immunity. Nat. Rev. Immunol. 3: 133-146.

4. Gordon, 8. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3:
23-35.

5. Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004.
The chemokine system in diverse forms of macrophage activation and polariza-
tion. Trends Immunol. 25: 677-686.

6. Mosser, D. M. 2003. The many faces of macrophage activation. J. Leukocyte
Biol. 73: 209-212.

7. Podolsky, D. K. 2002. Inflammatory bowel disease. N. Engl. J. Med 347:
417429,

8. Ogura, Y., D. K. Bonen, N. Inohara, D. L. Nicolae, F. F. Chen, R. Ramos,
H. Britton, T. Moran, R. Karaliuskas, R. H. Duerr, et al. 2001. A frameshift
mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature 411:
603-606.

9. Hugot, J. P., M. Chamaillard, H. Zouali. S. Lesage, J. P. Cezard, . Belaiche,
S. Almer, C. Tysk, C. A. O’Morain, M. Gassull, et al. 2001. Association of
NOD2 leucine-rich repeat variants with susceptibility to Crohn’s discase. Nature
411: 599-603.

10. Watanabe, T., A. Kitani, P. J. Murray, and W. Strober. 2004. NODZ2 is a negative
regulator of Toll-like receptor 2-mediated T helper type 1 responses. Nat. Im-
munol. 5: 800-808.

I1. Mahida, Y. R, 2000, The key role of macrophages in the immunopathogenesis of
inflammatory bowel disease. Inflamm. Bowel Dis. 6: 21-33.

12. Rogler, G. 2004. Update in inflammatory bowel disease pathogenesis. Curr,
Opin. Gastroenterol. 20: 311-317.

13. Eckmann, L. 2004. Innate immunity and mucosal bacterial interactions in the
intestine. Curr. Opin. Gastroenterol. 20: 82-88.

14, Kuhn, R., J. Lohler, D. Rennick, K. Rajewsky, and W. Muller. 1993. Interleukin-
10-deficient mice develop chronic enterocolitis. Cell 75: 263274,

15. Sellon, R. K., S. Tonkonogy, M. Schultz, L. A. Dieleman, W. Grenther, E. Balish,
D. M. Rennick, and R. B. Sartor. 1998. Resident enteric bacteria are necessary for
development of spontaneous colitis and immune system activation in interleukin-
10-deficient mice. Infect. Immun. 66; 5224-5231.

16. Madsen, K. L., 1. S. Doyle, M. M. Tavernini, L. D. Jewell, R. P. Rennie, and
R. N. Fedorak. 2000. Antibiotic therapy attenuates colitis in interleukin 10 gene-
deficient mice. Gastroenterology 118: 1094-1105.

17. Hoentjen, F., H. J. Harmsen, H. Braat, C. D. Torrice, B. A. Mann, R. B. Sartor,
L. A. Dieleman, K. L. Madsen, J. S. Doyle, M. M. Tavemini, et al. 2003. An-
tibiotics with a selective aerobic or anaerobic spectrum have different therapeutic
activities in various regions of the colon in interleukin 10 gene deficient mice.
Gut 52: 1721-1727.

18. Igietseme, J. U., G. A. Ananaba, J. Bolier, S. Bowers, T. Moore, T. Belay,
F. O. Eko, D. Lyn, and C. M. Black. 2000. Suppression of endogenous IL-10
gene expression in dendritic cells enhances antigen presentation for specific Thi
induction: potential for cellular vaccine development. J. Immunol. 164:
4212-4219.



6908

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Hickman, S. P,, J. Chan, and P. Salgame. 2002. Mycobacterium tuberculosis
induces differential cytokine production from dendritic cells and macrophages
with divergent effects on naive T cell polarization. J. Immunol. 168: 4636-4642.
Takakura, R., T. Kiyochara, Y. Murayama, Y. Miyazaki, Y. Miyoshi,
Y. Shinomura, and Y. Matsuzawa. 2002. Enhanced macrophage responsiveness
to lipopolysaccharide and CD40 stimulation in a murine model of inflammatory
bowel disease: IL-10-deficient mice. Inflamm. Res. 51: 409-415.

Watanabe, N., K. Ikuta, K. Okazaki, H. Nakase, Y. Tabata, M. Matsuura,
H. Tamaki, C. Kawanami, T. Honjo, and T. Chiba. 2003. Elimination of local
macrophages in intestine prevents chronic colitis in interleukin- 10-deficient mice.
Dig. Dis. Sci. 48: 408-414.

Kullberg, M. C., A. G. Rothfuchs, D. Jankovic, P. Caspar, T. A. Wynn,
P. L. Gorelick, A. W. Cheever, and A. Sher. 2001. Helicobacter hepaticus-in-
duced colitis in interleukin-10-deficient mice: cytokine requirements for the in-
duction and maintenance of intestinal inflammation. Infect. Immun. 69:
4232-4241.

Davidson, N. J., S. A. Hudak, R. E. Lesley, S. Menon, M. W. Leach, and
D. M. Rennick. 1998. IL-12, but not IFN-vy plays a major role in sustaining the
chronic phase of colitis in IL-10-deficient mice. J. Immunol. 161: 3143-3149.
Hirotani, T., P. Y. Lee, H. Kuwata, M. Yamamoto, M. Matsumoto, I. Kawase,
S. Akira, and K. Takeda. 2005. The nuclear IxB protein IkBNS selectively in-
hibits lipopolysaccharide-induced IL-6 production in macrophages of the colonic
lamina propria. J. Immunol. 174: 3650-3657.

Kanai, T., M. Watanabe, A. Okazawa, T. Sato, M. Yamazaki, S. Okamoto,
H. Ishii, T. Totsuka, R. liyama, R. Okamoto, et al. 2001. Macrophage-derived
IL-18-mediated intestinal inflammation in the murine model of Crohn’'s disease.
Gastroenterology 121: 875-888.

Chelvarajan, R. L., S. M. Collins, J. M. Van Willigen, and S. Bondada. 2005. The
unresponsiveness of aged mice to polysaccharide antigen is a result of a defect in
macrophage function. J. Leukocyte Biol. 77: 503-512.

Akagawa, K. S. 2002. Functional heterogeneity of colony-stimulating factor-
induced human monocyte-derived macrophages. Int. J. Hematol. 76: 27-34.
Moore, K. W., R. de Waal Malefyt, R. L. Coffman, and A. O’Garra. 2001. In-
terleukin-10 and the interleukin-10 receptor. Annu. Rev. Immunol. 19: 683-765.
Verreck, F. A.. T. de Boer, D. M. Langenberg, M. A. Hoeve, M. Kramer,
E. Vaisberg, R. Kastelein, A. Kolk, R. de Waal-Malefyt, and T. H. Ottenhoff.
2004. Human 1L-23-producing type 1 macrophages promote but IL-10-producing
type 2 macrophages subvert immunity to (myco)bacteria. Proc. Natl. Acad. Sci.
USA 101: 4560-4565.

Mochida-Nishimura, K., K. S. Akagawa, and E. A. Rich. 2001. Interleukin-10
contributes development of macrophage suppressor activities by macrophage col-

— 223 —

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

ABNORMALLY DIFFERENTIATED INTESTINAL Md¢ IN COLITIS

ony-stimulating factor, but not by granulocyte-macrophage colony-stimulating
factor. Cell. immunol. 214: 81-88.

Smith, P. D,, L. E. Smythies, M. Mosteller-Barnum, D. A. Sibley, M. W. Russell,
M. Merger, M. T. Sellers, J. M. Orenstein, T. Shimada, M. F. Graham, and
H. Kubagawa. 2001. Intestinal macrophages lack CD14 and CD89 and conse-
quently are down-regulated for LPS- and IgA-mediated activities. J. Inmunol.
167: 2651-2656.

Smythies, L. E., M. Sellers; R. H. Clements, M. Mosteller-Barnum, G. Meng,
W. H. Benjamin, J. M. Orenstein, and P. D. Smith. 2005. Human intestinal mac-
rophages display profound inflammatory anergy despite avid phagocytic and bac-
teriocidal activity. J. Clin. Invest. 115: 66-75.

Pull, S. L., J. M. Doherty, J. C. Mills, J. I. Gordon, and T. S. Stappenbeck. 2005.
Activated macrophages are an adaptive element of the colonic epithelial progen-
itor niche necessary for regenerative responses to injury. Proc. Natl. Acad. Sci.
USA 102: 99-104.

Cecchini, M. G., M. G. Dominguez, S. Mocci, A. Wetterwald, R. Felix,
H. Fleisch, O. Chisholm, W. Hofstetter, J. W. Pollard, and E. R. Stanley. 1994.
Role of colony stimulating factor-1 in the establishment and regulation of tissue
macrophages during postnatal development of the mouse. Development 120:
1357-1372.

Klebl, F. H., J. E. Olsen, S. Jain, and W. F. Doe. 2001. Expression of macroph-
age-colony stimulating factor in normal and inflammatory bowel disease intes-
tine. J. Pathol. 195: 609-615.

Liu, J., S. Cao, L.. M. Herman, and X. Ma. 2003. Differential regulation of in-
terleukin (IL)-12 p35 and p40 gene expression and interferon (IFN)-y-primed
11.-12 production by IFN regulatory factor 1. J. Exp. Med. 198: 1265~1276.
Oliveira, M. A., G. M. Lima, M. T. Shio, P. J. Leenen, and 1. A. Abrahamsohn.
2003. Immature macrophages derived from mouse bone marrow produce large
amounts of IL-12p40 after LPS stimulation. J. Leukocyte Biol. 74: 857-867.
Hoentjen, F., R. B. Sartor, M. Ozaki, and C. Jobin. 2005. STAT3 regulates NF-
kappaB recruitment to the IL-12p40 promoter in dendritic cells. Blood 105:
689-696.

Zhou, L., A. A. Nazarian, and S. T. Smale. 2004. Interleukin-10 inhibits inter-
leukin-12 p40 gene transcription by targeting a late event in the activation path-
way. Mol. Cell. Biol. 24: 2385-2396.

Kuwata, H., Y. Watanabe, H. Miyoshi, M. Yamamoto, T. Kaisho, K. Takeda, and
S. Akira. 2003. IL-10-inducible Bcl-3 negatively regulates LPS-induced TNF-a
production in macrophages. Blood 102: 4123~4129.

Hashimoto, S., M. Yamada, K. Motoyoshi, and K. S. Akagawa. 1997. Enhance-
ment of macrophage colony-stimulating factor-induced growth and differentia-
tion of human monocytes by interleukin-10. Blood 89: 315-321.



www.nature.com/clinicalpractice/gasthep

T Hibi is Professor

of Gastroenterology
and Head of the
Inflammatory Bowel
Disease Center, and

A Sakurabais an
Instructor at the
Inflammatory Bowel
Disease Center of Keio
University, Japan.

Correspondence
*Division of
Gastroenterology
Department of Internal
Medicine

School of Medicine
Keio University

35 Shinanomachi
Shinjuku

Tokyo 160-8582
Japan
thibi@sc.itc.keio.ac.jp

Received 14 January 2005
Accepted 6 April 2005

www.nature.com/clinicalpractice
doi:10.1038/ncpgasthep0168

Is there a role for apheresis in
gastrointestinal disorders?

Toshifumi Hibi* and Atsushi Sakuraba

APHERESIS is now a common therapeutic
modality, with proven clinical benefits for several
gastrointestinal disorders including inflamma-
tory bowel disease (IBD),! pouchitis, intestinal
Bechét’s disease, alcoholic hepatitis and hepatitis
C. Gastroenterologists have limited experience
with apheresis, however, owing to the complexity
of the process.

The etiology and pathogenesis of IBD remain
obscure, but it is known that immunologic factors
are involved and there is consensus that the
inflamed mucosa of IBD patients are infiltrated
by large numbers of inflammatory cells. The treat-
ment of IBD with leukocyte apheresis is based on
the hypothesis that removal of the circulating
cells involved in intestinal inflammation will re-
establish the balance between uncontrolled and
controlled mucosal inflammation. The efficacy
of leukocyte apheresis might not be restricted
to cell removal, however, as contact activation of
cells with the treatment apparatus or a change in
proportions of regulatory T cells might also have
immunomodulatory effects.

A single session of leukocyte apheresis removes
approximately 3x10°-10x10° granulocytes,
which may be only ~10% of those circulating in
the peripheral blood. A temporal decrease in the
numbers of peripheral blood leukocytes and/or
granulocytes is observed during the procedure,
followed by a rapid return to the pretreatment
level or higher. This rise in leukocyte numbers
could be explained by the mobilization of leuko-
cytes from the marginal pool. This results in a
decrease in activated leukocytes and an increase
in immature leukocytes in the peripheral blood.
Under inflammatory conditions, the number and
survival time of granulocytes are increased, and
their serial removal could contribute to the anti-
inflammatory effect of apheresis. Apheresis results
in downregulation of several adhesion molecules
and chemokine receptors on leukocytes, which
might inhibit their migration to inflamed tissues.
Furthermore, the capacity of peripheral leuko-
cytes to produce proinflammatory cytokines is
suppressed. The concomitant depletion of platelets

could also contribute to their immunomodulatory
effects. Thus, the overall effects of apheresis might
be due to reduced levels of activated leukocytes
followed by an increase in the numbers of imma-
ture leukocytes; diminished leukocyte migration
to the inflamed tissue; and a reduction in the levels
of proinflammatory cytokines. Studies are needed
to identify the exact mode of action of apheresis.

Several devices have been developed to
improve the efficiency and simplify the process
of leukocyte removal. Granulocyte and mono-
cyte adsorption apheresis (GCAP), an adsorptive
type of extracorporeal apheresis, is performed
with the Adacolumn® apheresis system (Japan
Immunoresearch Laboratory, Japan). The device
contains cellulose-coated acetate beads, and
adsorbs ~65% of granulocytes, 55% of monocytes,
2% of lymphocytes and a small number of plate-
lets from the blood. A single procedure removes
a total of ~4.0x 10? granulocytes and monocytes
from the blood circulation. Leukocytapheresis
(LCAP) performed with the Cellsorba® system
(Asahi Medical, Japan), uses a filter consisting
of nonwoven hollow fibers to trap leukocytes.
LCAP nonselectively removes ~13.0 x 10° leuko-
cytes and 5.2x 101! platelets from the circulating
blood during one session of treatment. The
removal efficacy of leukocytes passing through
the filter is close to 100%. In both procedures,
blood inlet and outlet are via suitable veins in
the bilateral forearms of the patient and small
amounts of anticoagulants are added to the circu-
lation. Sessions are performed at a flow rate of
30-50 ml/min for 1 h and weekly for 5-10 sessions.
GCAP and LCAP have both been approved by
the Japanese Government for the treatment of
ulcerative colitis. LCAP is also approved for the
treatment of rheumatoid arthritis.

Several uncontrolled trials of plasmapheresis
and lymphocyte apheresis® have shown efficacy
in active Crohn’s disease; however, it has also been
reported that the latter was unable to prevent
relapse in those patients with corticosteroid-
induced remission.* The results of previous
studies in Crohn’s disease using the centrifugal
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method to remove leukocytes are controversial.
Studies of GCAP and LCAP in Crohn’s disease
are limited and only small pilot studies have been
reported. Weekly treatment with GCAP or LCAP
was, however, reported to be effective in >50% of
treated patients.”

Nationwide multicenter trials have been carried
out in Japan to assess the efficacy and safety of
GCAP or LCAP compared with corticosteroid
treatment in patients with active ulcerative colitis
refractory to conventional medication.®” GCAP
and LCAP showed clinical improvement in ~66%
of patients, which was significantly higher than
in patients treated with corticosteroids. In addi-
tion, significantly fewer adverse effects were seen
in the GCAP and LCAP treatment groups; only
mild adverse effects such as dizziness and nausea
were observed in ~20% of the patients.

A double-blind controlled trial of LCAP
showed that weekly treatment was more effica-
cious and safer than sham apheresis treatment;
clinical improvement was shown in 80% of
LCAP-treated patients compared with 33% of the
sham-treated patients.® A significant advantage
was demonstrated, but the study was rather small
(10 patients per treatment group), performed
for active ulcerative colitis refractory to conven-
tional drug therapy, and most patients were also
receiving simultaneous corticosteroids.

The efficacy of GCAP in patients with active
ulcerative colitis who were not on concomitant
corticosteroids has also been reported.” More
than 80% of steroid-naive patients showed a
response to GCAP.

Weeldy GCAP or LCAP induced remission in
3—4 weeks in ~66% of patients with moderate
to severe active ulcerative colitis. Moreover,
only minor side effects such as nausea, fever and
rashes were observed in ~20% of the patients.

We have found that triweekly treatment with
GCAP is more effective than weekly treatment,
and therefore shortens the time needed to achieve
remission without increasing the incidence of
side effects (T Hibi and A Sakuraba, unpublished
data). Furthermore, in a retrospective analysis, we
found that weekly GCAP therapy was effective in
patients who were steroid-refractory as well as in
patients with steroid-dependent ulcerative colitis,
thus allowing the dosage of corticosteroids to be
reduced in these patients.'” In another prelimi-
nary study we confirmed that biweekly treatment
of GCAP was as effective as 6-mercaptopurine in
maintaining remission of ulcerative colitis. Several
reports have also been published on the efficacy of

www.nature.com/clinicalpractice/gasthep

GCAP in pediatric patients with ulcerative colitis,
for whom treatment with corticosteroids should
ideally be avoided.

The standard therapeutic strategies used to
treat IBD are reliant on drugs and carry with
them associated adverse side effects. A treat-
ment that is highly effective and safe has been
long awaited and leukocyte apheresis might be
the right candidate. This treatment should be
considered as a nonpharmacologic adjunct to
conventional therapy, however, as a single round
of GCAP or LCAP will cost nearly US$1,000.
At present, its use should be limited to those
patients who are steroid-refractory, or for whom
corticosteroids are contraindicated.

Preliminary studies indicate that GCAP or
LCAP is efficacious and safe in patients with IBD.
To obtain maximum efficacy, we recommend
that it should be performed triweekly for a total
of 6-10 sessions. To prove the efficacy and assess
the most efficient frequency of apheresis, further
larger controlled studies should be conducted.

Supplementary information, in the form of a
figure is available online on the Nature Clinical
Practice Gastroenterology & Hepatology website.
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GLOSSARY

APHERESIS

The removal of blood from
the body and withdrawal

of a specific component.
Blood is retransfused to the
body once the process is
complete

Competing interests
The authors declared
they have no competing
interests.

MAY 2005 VOL2 NO5

NATURE CLINICAL PRACTICE GASTROENTEROLOGY & HEPATOLOGY 201

— 226 —



THE JOURNAL OF B1OLOGICAL CHEMISTRY
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 278, No. 7, Issue of February 14, pp. 4821-4825, 2003
Printed in U.S.A.

Up-regulated Smad5 Mediates Apoptosis of Gastric Epithelial Cells
Induced by Helicobacter pylori Infection*

Received for publication, October 31, 2002, and in revised form, November 26, 2002
Published, JBC Papers in Press, December 6, 2002, DOI 10.1074/jbc.M211143200

Tomokazu Nagasako, Toshiro Sugiyama¥, Takuji Mizushima, Yosuke Miura, Mototsugu Kato,

and Masahiro Asaka

From the Department of Gastroenterology, Hokkaido University Graduate School of Medicine, Kita-15, Nishi-7,

Kita-ku, Sappore 060-8638, Japan

The gastric pathogen Helicobacter pylori activates ep-
ithelial cell signaling pathways, and its infection in-
duces changes in the expression of several genes in in-
fected human gastric tissues. Recent studies have
indicated that the ability of H. pylori to regulate epithe-
lial cell responses depends on the presence of an intact
cag pathogenicity island (cagPAI). We investigated al-
tered mRNA expression of gastric epithelial cells after
infection with H. pylori, both cagPAl-positive and cag-
PAl-negative strains, by cDNA microarray, reverse tran-
seription PCR, and Northern blot analysis. Qur results
indicated that cagPAl-positive H. pylori strains (ATCC
43504 and clinical isolated strains) sigmificantly acti-
vated Smad5 mRNA expression of human gastric epithe-
lial cells (AGS, KATOIII, MKN28, and MKN45). We fur-
ther examined whether the up-regulated Smad5 was
related to apoptosis of gastric epithelial cells induced by
H. pylori. Smadb RNA interference completely inhibited
H, pylori-induced apoptosis. These resulis suggest that
Smad5 is up-regulated in gastric epithelial cells through
the presence of cagPAl of H. pylori and that Smad5
mediates apoptosis of gastric epithelial cells induced by
H. pylori infection.

Helicobacter pylori is a human pathogen that infects the
gastric mucosa and causes an inflammatory process leading to
gastritis, gastric ulceration, duodenal ulceration, mucosa-asso-
ciated lymphoid tissue lymphoma, and gastric cancer (1). The
pathogenesis of gastroduodenal diseases caused by this bac-
terium is not well understood. Since the whole genome of
H. pylori was sequenced in 1997, several putative virulence
factors, including VacA (2), IceA, OipA (3), HrgA (4), lipopo-
lysaccharide, and the neutrophil-activating protein (5), have
been elucidated, The cag pathogenicity island (cagPAl),* a com-
plex of genes coding ~30 proteins, has been reported to be a
major virulence factor of H. pylori. The cagPAl is acquired by
horizontal transfer and is found in about 50-70% of H. pylori
isolates in Western countries and in more than 90% of H. pylori
isolates in Asian countries, including Japan (6, 7). This lesion
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codes for the type IV secretion machinery system forming a
cylinder-like structure connected to epithelial cells (8). Many
virulence gene products or other interactive proteins might be
transferred into the host cells via this system. Peptic ulceration
and gastric cancer occur in some people with H. pylori infec-
tion, but the majority remain asymptomatic. Although differ-
ences among the degrees of gastric mucosal damage caused by
different strains should be an important factor for development
of various clinical outcomes, these strain differences do not
provide a complete explanation for individual differences in
H. pylori infection-induced gastric mucosal injury. Therefore, it
is presumed that host responses also play an important role in
the outcome of H. pylori infection, interacting with virulence
factors and environmental factors. Recent studies have shown
that H. pylori induced various cellular responses, proliferation,
apoptosis (9), cytoskeletal rearrangement (10), modification of
intracellular signaling molecules (11), vacuolation (12), and
cytokine secretion (13). In this study, we investigated the al-
tered gene expression of host cells infected with cagPAl-posi-
tive or cagPAl-negative H. pylori strain and the association
between the altered gene expression and the cellular
responses.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Cell Lines—Biopsy specimens were obtained
from Japanese patients in Hokkaido University Hospital and were
cultured on H. pylori-selective agar plates (Eiken Chemical Co., Ltd.,
Tokyo, Japan) under microaerophilic conditions (5% O,, 10% CO,, 85%
N2, at 37 °C; Aaero Pack Systems, Mitsubishi Gas Chemical, Osaka,
Japan) for up to 5 days. Biopsies were obtained with informed consent
from all patients under protocols approved by our ethics committee. The
organisms were identified as H. pylori by spiral morphology and
positive oxidase, urease, and catalase reactions. One colony on the
agar was collected and cultured again under the same microaero-
philic conditions in brain heart infusion broth (Nissui, Osaka, Japan)
containing 5% (v/v) horse serum for up to 3 days. Aliquots were stored
at —80 °C in 10% phosphate-buffered saline containing 20% (v/v)
glycerol. After thawing of aliquots of the frozen culture, bacterial
suspensions were cultured at 37 °C in brain heart infusion broth
containing 10% fetal calf serum (Invitrogen) under microaerophilic
conditions as described above on a gyratory shaker at 170 rpm for
24-36 h to the plateau phase. The human gastric cell lines AGS,
KATOIII, MKN 28, MKN 45 were obtained from the Japanese Cancer
Research Resources Bank (Tokyo, Japan) and were maintained in a
complete medium consisting of RPMI 1640 medium supplemented
with 10% fetal calf serum, 2 mM L-glutamine, 0.2 mg of ampicillin/ml,
and 100 pg of kanamycin/ml.

Co-culture of Epithelial Cells with H. pylori—Human gastric epithe-
lial cell lines were cultured in RPMI 1640 containing 10% fetal calf
serum without antibiotics and used at a final concentration of 5 X
10°/ml. Bacterial suspensions were cultured at 37 °C in brain heart
infusion broth containing 10% fetal calf serum under microaerophilic
conditions as described above on a gyratory shaker at 170 rpm for
24-36 h to the plateau phase. The bacteria were then suspended in
sterile phosphate-buffered saline. After centrifugation, the bacteria
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were resuspended at a final concentration of 1X107 colony-forming
units/ml in RPMI 1640 supplemented with 10% fetal calf serum and
used immediately. Gastric epithelial cells alone or cells with bacteria
were cultured in tissue culture dishes (Falcon; Becton Dickinson) at
37 °C in a humidified incubator in an atmosphere of 95% air and 5%
CO,. The cells were washed with phosphate-buffered saline three times
after 4, 8, 12, and 24 h. Total cellular RNA was extracted from the cells
by using Isogen reagent (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s instructions, and the amount was measured by absorb-
ance at 260 nm.

c¢cDNA Microarray Procedure—Poly(A) RNA was isolated from total
cellular RNA (100 pg) using an MagExtractor (Toyobo, Tsuruga, Japan)
according to the manufacturer’s instructions. Total cellular RNA was
incubated with oligo(dT) magnetic beads (in the kit), and then nonspe-
cific substance was removed by washing. 2 pg of mRNA was reverse
transcribed into cDNA by reverse transcriptase, ReverTraAce (Toyobo),
in the presence of a cDNA synthesis primer. Biotin-labeled probes were
generated by binding of biotin-16-deoxyuridine triphosphate during
synthesis of cDNA. The human cDNA expression filters, human cancer
filters (Toyobo) were prehybridized at 62 °C for 30 min in 20 ml of
PerfectHyb solution (Toyobo). After denaturalization, ¢DNA probes
were hybridized to the filters overnight at 62 °C. The membranes were
washed three times with solution 1 (2X SSC and 0.1% SDS) and three
times with solution 2 (0.1X 8SC and 0.1% SDS) for 5 min at 62 °C.
Specific signals on the filters were detected by using a chemilumines-
cence detection kit, Imaging High (Toyobo), according to the manufac-
turer’s instructions. CDP-Star was used as the chemiluminescent sub-
strate. Images and quantitative data of gene expression levels were
obtained using a Fluor-S Multiimager system (Nippon Bio-Rad Labo-
ratories, Tokyo, Japan) and quantified into intensity of signals by using
ImaGene (BioDiscovery, Inc., Los Angeles, CA).

Northern Blot Analysis—20 pug of total RNA was electrophoresed on
a 1% agarose gel containing 6.5% formaldehyde and then transferred
onto a nylon membrane. A Smad5 probe was made from human Smad5
c¢DNA that corresponded to its whole coding region. Each probe was
labeled with biotin using Biotin-16-dUTP (Roche Diagnostics, Tokyo,
Japan). A human B-actin probe labeled with biotin was used as a
positive control. The membrane was hybridized with the labeled probe
for 20 h at 62 °C in PerfectHyb (Toyobo). After hybridization, it was
washed three times with 2X SSC with 0.1% SDS for 10 min and washed
three times with 0.1X SSC with 0.1% SDS for 10 min at 62 °C. Positive
bands were detected by using chemiluminescence detection kit (Imag-
ing High; Toyobo), and CDP-Star was used as the chemiluminescent
substrate according to the manufacturer’s instructions.

mRNA Expression by RT-PCR—First strand ¢cDNA templates were
synthesized from 2 pg of total RNA using ReverTraAce and a random
primer (Toyobo) according to the manufacturer’s instructions. An ali-
quot (0.1 pl) of Tag DNA polymerase and deoxynucleoside triphos-
phates (Takara Shuzou Co., Ltd., Shiga, Japan) was mixed with 0.5 ul
of a first strand ¢cDNA sample and each primer. The primers used were
Smad5F (5'-CAACACAGCCTTCTGGTTCA-3') and Smad5R (5'-TTGA-
CAACAAACCCAAGCAG-3') for Smadb amplification. PCR was per-
formed using a thermal cycler (Takara Shuzou) under the following
conditions: an initial denaturation for 5 min at 94 °C; 30 s at 94 °C, 30 s
at 55 °C, and 30 s at 72 °C; and a final extension at 72 °C for 5 min with
the number of cycles at which the band intensity increased linearly with
the amount of mRNA used. The PCR product was then run on 1.5%
agarose gel.

Analysis of Apoptosis—We used two methods to detect apoptosis of
epithelial cells induced by H. pylori infection. After co-culture of AGS
cells with H. pylori for 72 h, DNA was extracted from the control and
treated cells using an apoptosis ladder detection kit (Wako Pure Chem-
ical Industries, Ltd., Osaka, Japan). Each DNA (5 ug) was electrophore-
sed in 2% agarose gels. The gels were photographed under ultraviolet
light, and DNA ladder formation was observed. Next, we carried out
quantitative analysis of apoptosis. AGS cells were cultured with H.
pylori for 72 h in 96-well plates (2X10* cells/well). After centrifugation
at 1500 rpm for 5 min, the supernatant was removed, and the pellets
were frozen at —80 °C for 15 min. Then the terminal deoxynucleotidyl
triphosphate-mediated deoxyuridine triphosphate nick end labeling as-
say was performed using a apoptosis screening kit (Wako Pure Chem-
ical Industries, Ltd.) according to the manufacturer’s instructions. The
degree of apoptosis was evaluated numerically by measuring the ab-
sorbance (490 nm).

Interference of Smad5 mRENA—Two 29-mer DNA oligonucleotides
(siRNA oligonucleotide templates) with 21 nucleotides encoding the
siRNA and 8 nucleotides complementary to the T7 promoter primer
were chemically synthesized, desalted, and purified by reverse phase
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Fic. 1. H. pylori up-regulated Smad5 expression in AGS cells.
¢DNA microarray filters were hybridized with probes from AGS cells
co-cultured with H. pylori (cagPAl-positive, ATCC 43504 strain) for 8 or
24 h or probes from AGS cells alone. The arrows indicate a differentially
expressed Smad5 gene. The left three lanes indicate housekeeping
genes.
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F1c. 2. H. pylori up-regulated Smad8 expression in AGS cells
by Northern blot analysis. H. pylori-induced Smad5 mRNA expres-
sion of AGS cells was detected by Northern blot analysis. Total RNA
was extracted from the cells co-cultured with H. pylori (ATCC43504
strain) for the indicated time intervals. H. pylori infection up-regulated
Smad5 mRNA expression after 8 h of culture. The fold change of density
was indicated. The B-actin probe was hybridized as a control.

high pressure liquid chromatography. These sequences were subjected
to a BLAST search (NCBI data base) to ensure that only one gene was
targeted. Two 21-mer oligonucleotides (sense, 5'-AATTACATCCTGC-
CGGTGATA-3' and antisense, 5'-AATATCACCGGCAGGATGTAA-3")
encoding Smad5 had no homology to those of Smadl, 2, 3,4, and 8in a
BLAST search. The two siRNA oligonucleotide templates were hybrid-
ized to a T'7 promotor primer and were extended by the Klenow DNA
polymerase. The sense and antisense siRNA templates were tran-
scribed by T7 RNA polymerase and were hybridized to create double-
stranded siRNA using a Silencer siRNA construction kit (Ambion). The
control and H. pylori-treated cells were grown in 96-well plates, and
cationic lipid-mediated transient transfections were carried out with 50
ng of siRNA/well using GeneSilencer siRNA transfection reagent (Gene
Therapy Systems, San Diego, CA). After incubation at 37 °C for 24 h,
Northern blot analysis was performed to assess the effectiveness of
RNA interference, and quantitative analysis of apoptosis was carried
out as described above.

Statistics—The data are presented as the means + S.D. The differ-
ences were examined by analysis of variance, and p values < 0.01 were
considered significant.

RESULTS

Smad5 Up-regulation in Gastric Epithelial Cell Lines—We
first examined changes in gastric cellular mRNA expression in
response to co-culture with H. pylori (cagPAl-positive, ATCC
43504 strain) at 8 and 24 h by ¢cDNA microarrays in AGS cells.
Eleven housekeeping genes were used as internal controls to
correct the mRNA abundance. Although the majority of genes
indicated only small differences, the expression level of Smad5b
mRNA increased dramatically (Fig. 1), with the relative fold
changes in density to housekeeping genes being 0.4, 22.4, and
21.9 at 0, 8, and 24 h, respectively. The expression of the other
Smad family (Smadl, 2, 3, 4, and 8) mRNA including R-Smads
were increased 0.6—1.3-fold after 24 h co-culture and were not
significant. Northern blot analysis was carried out to confirm
the overexpression of Smad5 mRNA. Total RNA was extracted
from AGS cells treated with H. pylori and untreated AGS cells
at 4, 8, 12, and 24 h. Northern blot analysis showed that
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Fic.3. H. pylori up-regulated
Smad5 expression in other human
gastric epithelial cell lines and in na-
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tive gastric mucosa. a, total RNA was
extracted from human gastric epithelial
cell lines (KATOIII cells, MKN28 cells,
and MKN45 cells) co-cultured with live
H. pylori for the indicated time intervals,
and the expression of Smad5 mRNA was
analyzed by RT-PCR using the specific
primers. Smad5 mRNA expressions were
up-regulated in all of the tested cells. The
fold change of density was indicated.
B-Actin was amplified as a control in par-
allel. b, total RNA was extracted from the
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five patients infected with cagPAI-posi-
tive strains or the five native gastric bi-
opsy specimens from five uninfected pa-
tients, and the expression of Smad}
mRNA was analyzed by RT-PCR using
the specific primers. Smad5 mRNA were
highly expressed in cagPAl-infected gas-
tric mucosa. The fold change of density is
indicated.
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Fic. 4. cagPAl-positive H. pylori up-regulated Smad5 expression
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of AGS cells by Northern blot analysis. Smad5 mRNA expression of

AGS cells after co-cultured with cagPAl-negative (strains 42 and 273) and cagPAl-positive (strains 192, ATCC 43504, 912, 904, and 878) H. pylori
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of Smad5 significantly, compared with cagPAl-negative strains. The fold

change of density was indicated. b, after RNA interference, the up-regulated Smad5 mRNA expressions induced by H. pylori infection were

suppressed in cagPAl-positive strains. The B-actin probe was hybridized

H. pylori infection up-regulated Smad5 mRINA expression of
AGS cells after 4 h of co-culture (Fig. 2). We examined several
other gastric epithelial cell lines (KATOIII, MKN28, and
MEKN45) to confirm Smad5 mRNA expression after co-culture
with H. pylori by gene-specific RT-PCR. Smadb mRNA was
highly expressed after co-culture with H. pylori in all tested
gastric epithelial cell lines (Fig. 3a).

Smads Up-regulation in Native Gastric Mucosa—We tested
whether Smad5 mRNA was expressed in the 10 native gastric
biopsy specimens by RT-PCR. Smad5 mRNA was highly ex-
pressed in the native gastric specimens from five patients in-
fected with cagPAl-positive strains, however faintly expressed
in the five uninfected gastric specimens (Fig. 3b).

Effects of cagPAl-positive and cagPAIl-negative Strains—To
assess the role of cagPAl in Smad5 mRNA expression, we
tested cagPAI-positive strains (strains 192, ATCC 43504, 912,
904, and 878) and cagPAl-negative strains (strains 42 and 273)
(14, 15) by Northern blot analysis. Strains 42 and 273 failed to
up-regulate Smad5 mRNA expression, whereas cagPAl-posi-
tive strains clearly enhanced its expression (Fig. 4a).

Induction of Apoptosis—DNA fragmentation was induced in
AGS cells 72 h after having been co-cultured with cagPAI-
positive H. pylori strains (strains 192 and ATCC 43504),
whereas no DNA fragmentation was observed with cagPAI-
negative strains (strains 42 and 273) (Fig. 5a). Quantitative
analysis of cellular apoptosis showed that cagPAI-positive
H. pylori strains (strains 192, ATCC 43504, 912, 904, and 878)
induced significantly greater levels of apoptosis in AGS cells
than did cagPAI-negative strains and AGS cells alone (Fig. 5b).
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as a control.

The difference between the results obtained using cagPAI-
positive strains and cagPAl-negative strains or AGS cells alone
was statistically significant.

Interference of Smad5 Up-regulation and Apoptosis—The up-
regulated Smad5 mRNA expression was inhibited by Smad5-
specific RNA interference in all cagPAI-positive strain-infected
AGS cells (Fig. 4b). With the suppression of Smad5 mRNA
expression, the induction of apoptosis was completely inhibited
in the quantitative apoptosis assay (Fig. 6).

DISCUSSION

The gastric pathogen H. pylori activates epithelial cell
signaling pathways after infection. However, the exact sig-
naling pathways are still unknown. The host immune re-
sponse to H. pylori infection might be of importance with
regard to the various clinical outcomes of infection by this
organism. We now report that H. pylori can up-regulate the
Smad5 expression of gastric epithelial cells and that the
Smad5 up-regulation is involved in H. pylori-induced apo-
ptosis of gastric epithelial cells. In addition, it was found that
the presence of intact cagPAIl is essential for Smad5-
mediated apoptosis of epithelial cells.

We speculated that a paracrine or autocrine system of TGF-8
and bone morphogenetic proteins (BMP) from infected H. pylori
or AGS cells are involved in the up-regulation of Smadb ex-
pression. In human gastric epithelial cells, AGS had TGF-g8
receptors (TGF-BRII) and BMP receptors, and up-regulation of
Smad5 mRNA expression was observed after exogenous stim-
ulation of TGF-B1 and BMP by Northern blot analysis (data
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not shown). Although TGF-81 and BMP in co-cultured super-
natants from H. pylori-infected and uninfected AGS cells
were measured by enzyme-linked immunosorbent assay, sig-
nificant differences were not found (data not shown). Addi-
tionally, TGF-B1 mRNA and BMP mRNA were not up-
regulated after co-culture with H. pylori in ¢cDNA array
experiments. Furthermore, because H. pylori itself did not
possess TGF-B1 or BMP-like genes, which was examined by
BLAST search (NCBI data base), it is unlikely that a para-
crine or autocrine pathway of TGF-8 or BMP from AGS
infected with H. pylori or direct production of TGF-3 or BMP
from H. pylori is involved in up-regulation of Smad5b
expression.

The cagPAI region encodes a novel H. pylori secretion sys-
tem, type IV machinery (16), and this apparatus is essential for
the induction of interleukin-8 via an NF-«B-dependent tran-
scriptional process in human gastric cells (17, 18). It has
recently been shown that CagA is injected from the attached
H. pylori into host cells via the type IV machinery and that it
forms a physical complex with SHP-2, the Src homology 2
domain-containing tyrosine phosphatase, in a phosphorylation-
dependent manner and stimulates the phosphatase activity
(11, 19). These findings suggest that protein or gene injection
through the type IV machinery is a key mechanism for host-
bacterial interaction induced by H. pylori infection. Conse-
quently, it is not surprising that the transcriptional response of
gastric epithelial cells is dependent on the presence of cagPAI
We therefore examined the Smad5 expression of AGS cells
using cagPAl-positive and cagPAl-negative strains and that
of the native gastric mucosa infected with H. pylori. Our
results indicated that cagPAl-positive H. pylori strains were
able to activate Smad5 mRNA expression and to induce
apoptosis of the infected epithelial cells but that cagPAI-
negative strains were not able to activate Smad5 mRNA
expression or induce apoptosis. Although CagA is the only
H. pylori protein known to translocate from the bacterium
into the cell via the type IV secretion system, it can be
assumed that transfer of unknown genes or gene products
through the type IV machinery might be necessary for up-
regulation of the Smadb gene in host cells.

It has been reported that mutations in Smad4 played a
significant role in the progression of colorectal tumors (20) and
that a subset of families with juvenile polyposis had germ line
mutations in the Smad4 gene and were at increased risk of
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developing gastrointestinal cancers (21). However, because
there has been no report on Smad5 expression in gastrointes-
tinal tract, the role of Smad5 in physiological or pathological
status is not known.

Smad family proteins have molecular masses of about 42-65
kDa. Eight different Smads have been identified in mammals
and can be classified into three subclasses, receptor-regulated
Smads (B-Smads), common mediator Smads (Co-Smads), and
inhibitory Smads (I-Smads) (22). Each member of the Smad
family plays a different role in signaling pathways. R-Smads
can be further subdivided into two subtypes, those phosphoryl-
ated after stimulation by TGF-8 and BMP. Smad5 belongs to
the latter group (23). Smadb was isolated as dwarfin-C and was
genetically implicated in TGF-B-like signaling pathways in
Drosophila and Caenorhabditis elegans (24). Suzuki et al. (25)
proposed that Smad5b directs the formation of the ventral mes-
oderm and epidermis in Xenopus embryos. In an antisense
oligonucleotide study, Smad5 was shown to mediate the growth
inhibitory effect in hematopoietic cells (26), and Yamamoto et
al. (27) suggested that Smad5 inhibited myogenic differentia-
tion. Furthermore, BMP actively mediated apoptosis in the
embryonic limb (28), and BMP-2 also induced apoptosis in
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human myeloma cell lines, probably via up-regulation of R-
Smads (Smadsl, 5, and 8) (29). Many studies have demon-
strated that H. pylori induced apoptosis of gastric epithelial
cells (80), suggesting that the up-regulated Smad5 mRNA ex-
pression might be involved in the apoptosis of gastric epithelial
cells induced by H. pylori infection.

We also confirmed that only cagPAI-positive H. pylori strains
were capable of inducing up-regulation of Smad5 mRNA as
well as having apoptotic effects in human gastric cells. Al-
though virulence factors, VacA, and lipopolysaccharide have
been investigated as possible apoptosis-inducing factors (31),
the precise intracellular signaling mechanism of apoptosis in-
duced by H. pylori is still unknown. Our results indicated that
Smad5 up-regulation might be related to the apotosis induced
by cagPAI-positive H. pylori infection as one of the intracellular
signaling molecules. We therefore compared the levels of H.
pylori-induced apoptosis before and after suppression of Smad5
mRNA expression by RNA interference, and it was found that
the induction of apoptosis was reduced to the background level
after the interference. These observations suggest that Smad5
up-regulation is a key factor for H. pylori-induced apoptosis. In
conclusion, H. pylori up-regulates Smad5 expression through
the presence of cagPAI encoding type IV secretion machinery,
and up-regulated Smadb induces apoptotic responses in in-
fected gastric epithelial cells.
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The repair of intestinal mucosal injuries is a tightly
regulated process involving epithelial restitution, cell
proliferation and maturation, and the dedifferentia-
tion of epithelial cells. Deeper injuries also require
additional repair mechanisms, including inflammatory
processes, angiogenesis, and extracellular-matrix
deposition. Once intestinal mucosal injury occurs, nu-
merous growth factors and cytokines, including hepato-
cyte growth factor (HGF), keratinocyte growth factor,
endothelial growth factor, epidermal growth factor,
transforming growth factor-B1, intestinal trefoil
factor, interleukin (IL)-1, and IL-2, are induced in both
the intestinal lumen and submucosa, and these factors
cooperatively stimulate epithelial mucosal repair. HGF,
a major agent promoting hepatocyte proliferation, also
modulates intestinal epithelial cell proliferation and
migration, leading to the acceleration of intestinal mu-
cosal repair. Additionally, the proteolytic activation of
HGF, which is mediated by HGF activator, is essential
for the regeneration of injured intestinal mucosa. Re-
cently, several studies have shown that the administra-
tion of recombinant human HGF or HGF gene therapy
abrogates disease severity in several animal models of
inflammatory bowel disease (IBD). Recombinant hu-
man HGF will soon be available for administration to
patients with fulminant hepatic failure. Although addi-
tional preclinical biological studies are required, HGF
has the potential to be an important new treatment
modality promoting intestinal mucosal repair in pa-
tients with IBD.

Key words: mucosal repair, growth factor, HGF, HGF
activator, inflammatory bowel disease
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Introduction

Current treatments for inflammatory bowel disease
(IBD) are predominantly anti-inflammatory and
immune-modulating agents such as salazosulfapyri-
dine, mesalazine, corticosteroids, azathioprine, 6-
mercaptopurine, methotrexate, and cyclosporin.! Addi-
tionally, a chimeric mouse-human monoclonal antibody
targeting tumor necrosis factor (TNF)-o has been de-
veloped, and this agent is extremely effective in control-
ling Crohn’s disease.? Most IBD patients experience
some benefit from current therapies, but the disease is
often recurrent and intractable, frequently requiring
surgical intervention. Recently, roles for several growth
factors and cytokines in the repair of injured intestinal
mucosa have been described?’ and bone marrow-
derived intestinal stem cells have been found within the
injured intestinal mucosa.? This knowledge is ex-
pected to facilitate the generation of new therapeutic
modalities that promote intestinal mucosal repair.
Hepatocyte growth factor (HGF), originally purified
from the plasma of patients with fulminant hepatic fail-
ure, is the primary agent promoting hepatocyte prolif-
eration.’2 HGF also functions as a pleiotropic factor,
acting as a mitogen, morphogen, and motogen for mul-
tiple subsets of epithelial cells, including gastrointesti-
nal epithelial cells.!-1¢ In this article, we review recent
work examining the involvement of growth factors in
intestinal mucosal repair, as well as the use of recombi-
nant human HGF as a new treatment for IBD that
promotes the regeneration of injured intestinal mucosa.

Intestinal mucosal repair and growth factors

The mucosal lining of the intestinal tract is comprised
of a rapidly proliferating and continually renewing
sheet of epithelial cells. Once the surface epithelium
is injured, the continuity of the epithelial surface is
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reestablished by at least three distinct mechanisms
(Fig. 1). First, epithelial cells bordering the zone of in-
jury migrate into the wound to cover the denuded area.
This process, termed epithelial restitution, does not re-
quire cell proliferation.’™ During restitution, epithelial
cells adjacent to the injured surface undergo a striking
change in cell shape and phenotype; the cells flatten
and adopt a squamoid appearance, followed by the
extension of pseudopodia-like structures. After closure
of the wound, the cells reorganize their cytoskeleton
and redifferentiate into mature enterocytes. Intestinal
epithelial restitution occurs within minutes to hours
after injury, both in vivo and in vitro. Secondly, epithe-
lial cell proliferation is necessary to refill the decreased
cell pool. Finally, the maturation and dedifferentiation
of undifferentiated epithelial cells is required for the
maintenance of mucosal epithelial function. When an
epithelial defect is large, cell proliferation is critical for
the restoration of normal mucosal architecture. Con-
versely, deeper lesions or penetrating injuries require
additional repair mechanisms, including inflammation,
angiogenesis, and the deposition of extracellular-matrix
components, leading to the formation of granulation
tissue.

Recently, numerous growth factors and cytokines,
induced in both the lumen and the submucosa following
mucosal injuries, have been identified (Fig. 2). These
factors control a wide array of biological activities,
including stimulating cell proliferation and migration,
modulating cell differentiation, accelerating angiogen-
esis and extracellular-matrix remodeling, and promot-
ing epithelial mucosal repair.>” Following intestinal
mucosal injury, myofibroblasts beneath the epithelial
defect secrete HGF and keratinocyte growth factor
(KGF). These growth factors stimulate both the migra-
tion and proliferation of epithelial cells.?? HGF is also
released from an intracellular pool by polymorpho-
nuclear neutrophils.® Additionally, proinflammatory
cytokines, including interleukin (IL)-1 and IL-2, are se-
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Fig. 2. Growth factors and cytokines are involved in the re-
pair of intestinal mucosal injury. HGF, hepatocyte growth
factor; KGF, keratinocyte growth factor; VEGF, vascular en-
dothelial growth factor; EGF, epidermal growth factor; TGF,
transforming growth factor; IL, interleukin; /7F, intestinal
trefoil factor

creted by macrophages and mononuclear cells infiltrat-
ing the submucosa, and platelets also release several
growth factors, such as vascular endothelial growth
factor,” epidermal growth factor (EGF),” transforming
growth factor (TGF)-81,% and insulin-like growth
factor.”” These growth factors and cytokines interact
predominantly with receptors on the basolateral mem-
brane of epithelial cells. Conversely, intestinal trefoil
factor (ITF) is secreted into the intestinal lumen by
goblet cells following mucosal injury, and it acts prima-
rily at the apical surface. ITF largely remains in the
lumen, maintaining contact with the apical membrane
via interactions with mucus. ITF promotes epithelial
cell migration, and mice lacking the ITF gene are ex-
traordinarily sensitive to mucosal injury and fail to
undergo any epithelial repair.?

Matsuura et al.? have recently reported that the
rectal administration of recombinant basic fibroblast
growth factor (bFGF) ameliorated experimental colitis
in a dose-dependent manner. bFGF stimulates epithe-
lial restitution, as well as cell proliferation, through a
TGF-B-dependent pathway in vitro, and it also
increases TGF-$ production in colonic epithelial and
fibroblast cell lines.?

Role of HGF in intestinal mucosal repair

HGF is a heparin-binding glycoprotein acting as a mito-
gen, morphogen, motogen, and/or angiogenic factor
for a variety of cells through MET receptor tyrosine
kinase.’>** Mesenchymal cells secrete HGF as an inac-
tive single-chain precursor with an approximate mo-
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Fig. 3. HGF-associated molecules involved in the activation
of HGF in injured mucosa. HGFA, HGF activator; HAI-1,
HGF activator inhibitor type 1

lecular weight of 90 kilodaltons. Biologically active
HGF is generated by the proteolytic cleavage of the
inactive single-chain molecule, between Arg494 and
Val495, to yield the active two-chain heterodimeric
form.?* Only active HGF can bind MET and transmit
signals in target cells, including epithelial and endothe-
lial cells. HGF activator (HGFA) is a serum serine pro-
teinase that efficiently cleaves and activates HGF.%3%
HGFA is primarily produced in the liver and is secreted
into the plasma as an inactive proform.*- Inactive pro-
HGFA is activated by thrombin in injured tissues fol-
lowing cleavage between Argd(7 and I1e408, leading to
a two-chain active form.*® Thus, HGF is exclusively ac-
tivated by active HGFA in injured tissues that require
the repair-promoting activity of HGF.** Recently,
HGFA inhibitor (HAI)-1 was identified.#* HAI-1 is a
cell-surface binding protein that regulates HGFA activ-
ity in the pericellular microenvironment (Fig. 3).434
HGF, originally identified as a potent mitogen for
hepatocytes, exerts a variety of activities on multiple
subsets of epithelial cells, including gastrointestinal
epithelial cells.!>%4 HGF functions as a positive growth
regulator and accelerates remodeling after epithelial
injury.** Indeed, HGF expression was upregulated in
inflamed ulcerative colitis,®* and plasma HGF levels
were increased in animal models of acute colitis.”?
Additionally, both c-met and HGF are expressed in in-
testinal mucosal epithelial cells during recovery from
experimental mucositis.®® These findings suggest that
HGF plays an important role in intestinal mucosal
wound healing. Recently, Itoh et al* reported that
HGFA-deficient mice exhibited impaired intestinal
mucosal regeneration following injury. In these mice,
HGF activation was impaired in the injured mucosa,
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and the injured colonic mucosa was not sufficiently cov-
ered by regenerated epithelium. These results indicate
that the proteolytic activation of HGF, which is exclu-
sively mediated by HGFA, is required for the repair of
injured intestinal mucosa.

Therapeutic effect of HGF on experimental colitis

Recently, HGF was found to promote colonic mucosal
repair in animal models of experimental colitis. Dextran
sulfate sodium (DSS)-induced colitis is a well-
established experimental model that mimics many of
the signs and symptoms of human ulcerative colitis, in-
cluding diarrhea, bloody feces, weight loss, mucosal
ulceration, and shortening of the large intestine.’>* We
reported that the continuous intraperitoneal delivery of
recombinant human HGF reduced colitis-associated
weight loss and large-intestinal shortening, and im-
proved colonic erosions in rats with DSS-induced colitis
(Fig. 4).5 Compared with mock-treated rats, animals
treated with recombinant human HGF exhibited
enhanced epithelial regeneration and cellular prolifera-
tion. The rectal administration of 2,4,6-trinitrobenzene
sulfonic acid (TNBS) to immunocompetent mice results
in transmural intestinal leukocyte infiltration accompa-
nied by severe diarrhea and weight loss, resembling
some characteristics of Crohn’s disease.®® Using this
model, we further showed that the intravenous adminis-
tration of recombinant human HGF to these rats with
TNBS-induced colitis once a day for 5 days led to a
significant reduction in colonic ulcer coverage and
large-intestinal shortening (Fig. 5).%° Repeated intrave-
nous injections of recombinant human HGF stimulated
the proliferation of epithelial cells and reduced the in-
flammatory cell infiltrate and the corresponding in-
crease in TNF-a levels in the TNBS-inflamed colonic
tissues. The effect of exogenous HGF on the immune
and inflammatory cells in the submucosa remains ob-
scure. However, it is possible that the HGF-induced
enhancement of mucosal repair allows for a more rapid
recovery of epithelial barrier function, and, therefore,
the observed reduction of inflammation in HGF-treated
rats may result from a decreased exposure to luminal
stimuli, rather than from the direct influence of HGF
on immune and inflammatory cells. The suppression of
proinflammatory cytokines was also observed in several
in vivo experiments using HGF gene therapy. Repeated
transduction of naked HGF cDNA into skeletal muscle
ameliorated enteropathy in murine models of acute
graft-versus-host disease and TNBS-induced colitis.5!62
In these experiments, the intestinal expression of
T-helper 1 cytokines, including IL-12 and IL-1B,
interferon-y, and TNF-a, was also suppressed. Further-
more, the continuous intravenous infusion of recombi-



