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Neonatal Fc receptor for IgG (FCRn) expressed
In the gastric epithelium regulates bacterial
Infection in mice

Y Ben Suleiman!, M Yoshida!?3, S Nishiumi!, H Tanaka!, T Mimura!, K Nobutani!, K Yamamoto!,
M Takenaka!, A Aoganghua!, I Miki#, H Ota, S Takahashi®, H Matsui’, M Nakamura®, RS Blumberg®
and T Azuma!

Neonatal Fc receptors forimmunoglobulin (Ig)G (FcRn) assume a central role in regulating host IgG levels and IgG
transport across polarized epithelial barriers. We have attempted to elucidate the contribution of FcRn in controlling
Helicobacter infection in the stomach. C57BL/6J wild-type or FcRn~/~ mice were infected with Helicobacter heilmannii,
and gastric lesions, bacterial load and the levels of antigen-specific IgG in serum and gastric juice were analyzed. The
elevated levels of anti-H. heimannii 1gG in gastric juice were observed exclusively in wild-type mice but not in FcRn~/~

mice. In contrast, an increase in lymphoid follicles and bacterial loads along with deeper gastric epithelium invasion
were noted in FcRn~/~ mice. C57BL/6J wild-type or FcRn~/~ mice were also infected with Helicobacter pylori SS1,
and the results of the bacterial load in stomachs of these mice and the anti-H. pylori IgG levels in serum and gastric
juice were similar to those from H. heilmannii infection. Our data suggest that FcRn can be functionally expressed in
the stomach, which is involved in transcytosis of IgG, and prevent colonization by H. heilmannii and the associated

pathological consequences of infection.

INTRODUCTION

Secretory immunoglobulins (Igs), such as IgA, IgM, and IgG,
that are present in mucosal surfaces, potentially provide a first
line of defense against microorganisms.!3 Secretory IgA (sIgA)
is well-known to be transported across epithelial cells into the
lumen through an active unidirectional process accompanying
the polymeric Ig receptor.* In addition to sIgA, mucosal secre-
tions of the human gastrointestinal, respiratory, and genital
tracts contain significant quantity of IgG. In a previous study; it
was reported that nasal secretions contain 300 pgml~! of IgG,*
and ~800 pgml~! of IgG was detected in the human rectum.’
Similar to sIgA, which has been well documented as a factor
actively participating in the defense against some pathogens,>~¢
the mucosally associated IgG has also been recently suggested
to contribute to host defense.!»? So far, the transport of IgA to

mucosa and its involvement in mucosal host defense have been
well understood, but the role of gastric luminal IgG in defending
against enteric bacteria and the relationship between IgG and
bacterial colonization remains to be established. Previously, it
was revealed that IgG is transported across intact epithelial bar-
riers through the placenta in humans and the neonatal intestine
in rodents for the passive transfer of immunity from mother
to the fetus or neonatal infant.”8 The receptor responsible for
mediating this transport system is the neonatal Fc receptor for
IgG (FcRn), which is structurally related to the major histo-
compatibility complex class I molecules, and is a heterodimer
composed of a glycosylated heavy (o) chain associated non-
covalently with p2-microglobulin.® Fc-hinge fragments of IgG
at the CH2-CH3 domain interface have a central role in its
binding to FcRn.!? FcRn mainly have four cellular functions:
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the bidirectional transport of IgG across epithelial cells, the
protection of IgG from catabolism, the protection of albumin
from catabolism and antigen presentation by dendritic cells.!
Human FcRn is the vehicle through which IgG is transported
across the intestinal epithelium, and recycle the IgG-antigen
complex back across the intestinal epithelial barrier into the
lamina propria (LP) for processing by dendritic cells and pres-
entation to CD4 " T cells.? The transport of IgG through FcRn
may regulate immune responses to luminal pathogens. In a
previous study, it was revealed that the transport of IgG and
the antigen-IgG complex by FcRn has an important role in the
immune defense against Citrobacter rodentium infection.!! This
previous report indicates that the transport of the anti-bacterial
IgG antibodies via FcRn leads to the direct protection against
bacterial invasion from the epithelium into LP indirectly by
affecting antigen presentation to antigen-specific T cells fol-
lowed by the activation and proliferation of antigen-specific
CD4™* T cells. The activation and proliferation aid in the kill-
ing of invading bacteria, and also lead to the differentiation of
immature B cells into plasma cells for the production of bacte-
rial antigen-specific IgGs.

Helicobacter heilmannii (H. heilmannii), which is a Gram-
negative rod bacterium that belongs to the Helicobacter family
including Helicobacter pylori (H. pylori), is characterized by
a relatively large size (5-9 um) and a corkscrew appearance.
H. heilmannii colonizes human gastric mucosa at a relatively low
rate (0.5-6%),'? and leads to gastritis,'> malignant lymphoma,'4
and mucosa-associated lymphoid tissue (MALT) lymphoma.!®
Interestingly, a clinical study revealed that primary gastric
MALT lymphoma occurred more frequently in H. heilmannii-
infected patients (1.47%) than in H. pylori-infected patients
(0.66%).16 The infection with H. heilmannii was also observed
in the gastric mucosa of various mammals, including cats, dogs,
pigs, and nonhuman primates,!”"!8 strongly being suspected to
be a zoonotic agent. Microorganisms are superficially located
within the mucous layer without adhesion to epithelial cells. In
our previous study, H. heilmannii was detected in the relatively
deep part of the foveolae,'” whereas H. pylori preferentially local-
ized in a layer containing mucin derived from surface mucus
cells.?0 Interestingly, in one case, intracytoplasmic H. heilmannii
organisms were observed in parietal cells with cell damage.?!
Thus, the infection site of H. heilmannii is different from that of
H. pylori, and accordingly H. heilmannii must be an interesting
investigation object. So far, it remains to be determined whether
and how both FcRn and bacterial antigen-specific IgGs regulate
the bacterial infection in the gastric mucosal tissue. Therefore,
in this report, the roles of FcRn in the transport of bacterial
antigen-specific IgGs in the gastric tissue were examined using
FcRn knockout mice (FcRn =/~ mice). Then, a pathophysiologi-
cal role of FcRn-mediated IgG secretion into the gastric lumen
in H. heilmannii infection was investigated.

RESULTS

Expression of FcRn in gastric epithelial cells

Recently, it has been reported that FcRn constitutively expresses
in epithelial cells of human intestine, lung, and kidney,?>23 but
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not the stomach. Therefore, the expression of FcRn in the gastric
mucosa of mice was investigated. As shown in Figure 1a, the
expressions of FcRn mRNA and protein were observed in the
gastric mucosa by RT-PCR (Figure 1a) and immunoblot, respec-
tively (Figure 1b). An immunohistochemical staining revealed
that the ratio of FcRn expression in the gastric epithelial surface
was relatively high, and its location within endocytic organelles
in epithelial cells was also observed (Figure 1c). Next, the epi-
thelial cells were isolated from the mouse stomach, and then the
expression of FcRn in gastric epithelial cells was evaluated. As
a result, the FcRn expression in gastric epithelial cells obtained
from FcRn*/* mice and FcRn*/~ mice was observed, and the
expression level in FcRn*/* mice was higher than in FcRn*/~
mice (Figure 1d,e), although its expression level in gastric epi-
thelial cells was lower than in whole stomach. In FcRn ™/~ mice,
FcRn expression was not detected. It was reported that the his-
tological analysis of liver, lung, kidney, and lymphoid organs of
adult FcRn =/~ mice is normal,?* and actually adult FcRn =/~
and the wild-type mice were indistinguishable based on body
weight and health condition.

FcRn-mediated transport of IgG across the epithelial barrier
It was examined whether FcRn in gastric epithelial cells can
transport IgG into mucosal secretions, because FcRn was
demonstrated to be involved in the secretion of IgG from
tissue spaces into the lumen through epithelial cells in mice
expressing human FcRn under the control of an epithe-
lial cell specific promoter.? To determine whether the intra-
venous (IV)-injected IgG can be transported into the lumen
across the epithelial barrier by FcRn-dependent transcytosis,
FcRn*/* and FcRn =/~ mice were used. In this study, rabbit
IgG or phosphate-buffered saline (PBS) as a vehicle control
was IV injected into FcRn*/* and FcRn =/~ mice, because
mouse FcRn can bind rabbit IgG as well as mouse IgG.?> The
levels of rabbit IgG in the gastric juice were examined 6 h
after the IV injection. We observed that the level of rabbit IgG
was significantly higher in the gastric juice of FcRn*/* mice
injected with rabbit IgG compared with PBS-injected FcRn*/*
mice, and there were no differences in the levels of rabbit IgG
in the gastric juice between the rabbit IgG- and PBS-injected
FcRn~/~ mice (Figure 2). These results indicate that the
majority of IgG transport into gastric secretion is dependant
upon FcRn expression. In the absence of FcRn, low levels of
IgG reach the lumen presumably by exudation.

FcRn-deficient mice are susceptible to H. heilmanniiinfection
In previous studies, it has been shown that IgG may have a
critical role in prevention against bacteria related to infectious
diseases.?6~28 H. heilmannii is also a bacterial pathogen, which
causes gastritis, peptic ulcer, acute gastric mucosal lesion, gas-
tric carcinoma, and MALT lymphoma.?® To test a pathophysi-
ological role of FcRn-mediated IgG secretion into the gastric
lumen in the H. heilmannii infection, FcRn*/* and FcRn =/~
mice were orally inoculated with H. heilmannii. The presence of
H. heilmannii, but not H. pylori, infection was confirmed using
H. heilmannii- and H. pylori-specific 16S rRNA primers before
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Figure 1 Expression of neonatal Fc receptors for IgG (FcRn) in the gastric mucosa. (a) mRNA from the stomach of FcRn*/+, FcRn*/~, or FcRn~/~
mice (each n=>5) was obtained, and then subjected to RT-PCR using FcRn- or p-actin-specific primers. FcRn: 164 bp; and f-actin: 110 bp. Typical
images are shown. (b) Proteins were obtained from the stomach of FcRn*/*, FcRn*/~, or FcRn~/~ mice (each n=5), and subjected to immunoblotting
using an anti-FcRn antibody. Molecular weight of FcRn: 46 kDa. Typical images are shown. (¢) Immunohistochemical staining was performed by
confocal laser scanning microscopy (each n=5). Green: FcRn and blue: F-actin. Original magnification x630. Typical images are shown. (d) mRNA
from gastric epithelial cells isolated from FcRn*/+, FcRn*/~, or FcRn~/~ mice (each n=3) was obtained, and then subjected to RT-PCR using FcRn

or p-actin-specific primers. FcRn: 164 bp and f-actin: 110 bp. Typical images are shown. (e) mRNA from the stomach of FcRn*/*, FcRn*/~, or FcRn~/~
mice (each n=3) and mRNA from gastric epithelial cells isolated from FcRn*/+, FcRn*/~, or FcRn~/~ mice (each n=3) were subjected to real-time
quantitative PCR. The FcRn level was normalized to that of B-actin as an internal standard. Data are presented as meanzs.e. for each group (n=3).
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Figure2 The levels of immunoglobulin (Ig)G secreted into the gastric
lumen as determined by expression of neonatal Fc receptors for IgG
(FcRn) in the stomach. Six hours after intravenous (V) injection of rabbit
IgG or phosphate-buffered saline (PBS) as a vehicle control into FcRn*/*
and FcRn~/~ mice (each n=>5), the levels of rabbit IgG in the gastric
secretion of the mice were measured by enzyme-linked immunosorbent
assay. Data are represented as meanzs.e. (n=>5). *P<0.05 according to
Student’s t-test.
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Figure 3 Levels of anti-Helicobacter heilmanniiimmunoglobulin (Ig)G
in the serum and gastric juice of FcRn~/~ and FcRn*/+ mice 4 weeks
after H. heilmanniiinfection. FcRn*/+ and FcRn~/~ mice (each n=5)
were infected with H. heilmanniifor 4 weeks as described in Methods.
(a) PCR using DNA samples extracted from homogenates of gastric
mucosa of FcRn*/* and FcRn~/~ mice was performed with the H.
heilmanniitype1 16S r-RNA primers or the H. pylori 16S r-RNA primers.
-Actin was used as a control. Typical images are shown. (b, ¢) The level
of anti-H heilmannii 1gG in the serum (b) and gastric juice (c) of FcRn~/~
and FcRn*/* mice was measured by enzyme-linked immunosorbent
assay. Data are represented as meanzs.e. (n=5). *P<0.05 according to
Student’s t-test. FcRn, neonatal Fc receptors for IgG.

conducting any experiment (Figure 3a). Four weeks after infec-
tion, the level of anti-H. heilmannii IgG in the serum and gas-
tric juice was measured using enzyme-linked immunosorbent
assay. The higher level of anti-H. heilmannii IgG was detected in
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the gastric secretion of FcRn*/* mice compared with FcRn~/
mice (Figure 3b), although there were no differences in
the level of anti-H. heilmannii IgG in the serum of both
H. heilmannii-infected FcRn*/* and FcRn~/~ mice (Figure 3c).
In addition, in the paraffin-fixed gastric sections of
H. heilmannii-infected FcRn*/* mice, the higher level of
IgG was observed in the epithelial and subepithelial tissue in
comparison with that observed in the non-infected FcRn*/*
mice and the infected FcRn~/~ mice, although IgG was
detected in a part of gastric lumen in the infected FcRn =/~
mice (Figure 4).

FcRn-deficient mice exhibit deep bacterial invasion of

H. heilmanniiinto the gastric mucosa

Next, the relationship between the anti-H. heilmannii IgG anti-
body and bacterial localization within the gastric mucosa was
examined. Four weeks after H. heilmannii infection, the stomach
of the FcRn*/* and FcRn~/~ mice was obtained, after care-
ful fixation of the gastric mucosa by Carnoy’s fixation, confocal
microscopic analysis of H. heilmannii in the gastric sections was
performed using a cross-reacting polyclonal rabbit anti-H. pylori
antibody. Increased amounts of H. heilmannii within deep pits
in the gastric epithelium of the FcRn =/~ mice were observed. In
contrast, H. heilmannii infection in FcRn*/* mice was limited
to the surface of the gastric epithelium (Figure 5).

FcRn-deficient mice are more susceptible to the formation

of lymphoid follicles with H. heilmanniiinfection

Inability to secrete IgGs into the gastric lumen in the absence
of FcRn expression in gastric epithelium may limit the ability
of FcRn~/~ mice to properly manage H. heilmannii infection.
Therefore, FcRn*/* and FcRn~/~ mice were infected with
H. heilmannii for 6 months, and the degree of epithelial injury
in H. heilmannii-infected FcRn*/* and FcRn~/~ mice was
evaluated. By macroscopic examination, more severe mucosal
projection consistent with lymphoid follicles were observed
in H. heilmannii-infected FcRn~/~ mice in comparison with
FcRn*/* mice (Figure 6a). This was confirmed by showing that
the number (Figure 6b), but not the size, (Figure 6¢) of lym-
phoid follicles in the stomach of the FcRn =/~ mice was higher
than that of the FcRn*/* mice. Consistent with these macro-
scopic changes, H. heilmannii-infected FcRn =/~ mice exhibited
increased infiltration of mononuclear cells and neutrophils into
the gastric tissue, together with increased epithelial injury in
comparison with the FcRn*/* mice (Figure 6d). Hematoxylin
and eosin staining in Figure 6d showed that gastric epithelial
cells in FcRn~/~ mice were morphologically identical to those
in FcRn*/* mice. In addition, expression levels of epithe-
lial-specific molecules, such as epithelial-specific Epcam and
Cytokeratin Type 1, in FcRn~/~ mice were the same as those
in FcRn*/* mice (data not shown), suggesting that FcRn =/~
mice have the similar distribution of epithelial cell lineages
as FcRn*/* mice. These results indicate that an absence of
FcRn expression in the gastric epithelium and consequently IgG
in the lumen leads to the greater susceptibility to H. heilmannii
infection and the formation of gastric lymphoid follicles.
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Figure 4 Immunohistochemical staining of anti-Helicobacter heilmanniiimmunoglobulin (Ig)G in the stomach of FcRn~/~ and FcRn*/+ mice

4 weeks after H. heilmannii infection. FcRn*/+ and FcRn~/~ mice (each n=5) were infected with H. heilmannii as described in Methods. After

4 weeks, the stomach was resected and opened at the outer curvature. The stomach was sliced longitudinally from the esophagus to the duodenum,
and then embedded in paraffin wax. The sections (100 um) were cut, and selected serial sections of H. heilmannii-infected and non-infected FcRn*/+
and FcRn~/~ mice were stained with goat anti-mouse IgG antibody in a blind manner. Original magnification x200. Typical images are shown. FcRn,

neonatal Fc receptors for IgG.
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Figure 5 Immunohistochemical staining of Helicobacter heilmanniiin the stomach of FcRn~/~ and FcRn*/* mice 4 weeks after H. heilmannii
infection. Immunohistological examination of the gastric mucosa from FcRn*/+ and FcRn~/~ mice (each n=5) 4 weeks after H. heilmannii infection
was performed by confocal laser scanning microscopy. The stomach was treated as described in the Figure legend of Figure 4, and the selected serial
sections were stained with polyclonal rabbit anti-H. pylori antibody in a blind manner. Green: H. heilmannii, red: F-actin, and blue: nucleus. Original
magnification x630. Typical images are shown. FcRn, neonatal Fc receptors for IgG.
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Figure 6 Pathological characterization of the gastric mucosal surfaces of FcRn~/~ and FcRn*/* mice chronically infected with Helicobacter
heilmannii. FcRn*/+ and FcRn~/~ mice (each n=9) were infected with H. heilmannii as described in Methods. (a) After 6 months, the stomach mucosa
was stained with an indigo carmine solution. Typical images are shown. (b, ¢) After 6 months, the total number (b) and the major axis size (c) of
lymphoid follicles per the stomach of the mice was determined macroscopically. Data are represented as meanzs.e. (n=9), and *P<0.05 according

to Student’s t-test. (d) Histological examination of the gastric mucosa in the corpus region of FcRn*/+ and FcRn~/~ mice 6 months after H. heilmannii
infection was performed by hematoxylin and eosin staining. Original magnification x200. Typical images are shown. FcRn, neonatal Fc receptors

for IgG.

Anti-H. heilmanniilgG decreases the bacterial load via FCRn
in gastric epithelial cells

The above experiments revealed that the defense against
an epithelial-associated pathogen in the stomach is depend-
ent on the expression of FcRn. As FcRn~/~ mice lacked high
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levels of the secreted IgG, to test whether IgG specific to
H. heilmannii is required for the regulation and elimination of
H. heilmannii, H. heilmannii was orally inoculated into FcRnt/+
and FcRn =/~ mice that received the IV injection of either a poly-
clonal cross-reactive rabbit anti-H. pylori antibody or a control
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Figure 7 Evaluation of Helicobacter heilmanniiin the stomach of
FcRn~/~ and FcRn*/* mice at 1 week after passive transfer of antibody.
FcRn*/* and FcRn~/~ mice (each n=>5) were infected with H. heilmannii
as described in Methods. After 1 week, mMRNA was obtained from the
stomach of H. heilmannii -infected FcRn*/+ and FcRn~/~ mice, and the
levels of H. heilmanniitype1 16S r-RNA were determined by real-time
quantitative PCR. The 16S r-RNA level was normalized to those of
B-actin as an internal standard. FcRn*/+ and FcRn~/~ mice (each n=5)
were also subjected to intravenous (1V) injection of polyclonal rabbit
anti-H. pylori antibody or control rabbit antibody in the 5th and 6th days
after H. heilmanniiinfection. Data are presented as meanzs.e. for each
group (n=5). *P<0.05 according to Student’s t-test. FCRn, neonatal Fc
receptors for IgG.

rabbit antibody, and the amount of H. heilmannii in the FcRn*/*
and FcRn~/~ mice was evaluated on the basis of the level
of H. heilmannii 16S r-RNA present in the gastric mucosa.
In the control rabbit antibody administration, there was
more H. heilmannii mRNA in the FcRn~/~ mice than in the
FcRn*/* mice (Figure 7). In addition, the pre-administration of
an anti-H. pylori antibody reduced the bacterial levels in the gas-
tric lumen in the FcRn*/* mice, but it was not the case in FcRn =/~
mice (Figure 7). These results indicate that H. heilmannii-
specific IgG could prevent deep H. heilmannii colonization in
the LP, and the clearance mechanism might be via capturing of
H. heimannii by dead epithelial cells that are sloughed off from
the infected mucosa.

Infection of FcRn*/+ and FcRn~/~ mice with H. pylori strain
SS1

Finally, to investigate the role of IgG in well-known helicobacter
bacteria H. pylori, FcRn*/* and FcRn~/~ mice were infected
with H. pylori strain SS1. Eight weeks after infection, the level
of anti-H. pylori IgG in the serum and gastric juice of FcRn~/~
and FcRn*/* mice was measured by enzyme-linked immuno-
sorbent assay (Figure 8), and the levels of H. pylori 16S r-RNA
in the stomach were also determined by real-time quantitative
PCR (Figure 9). As a result, the level of anti-H. pylori IgG in
the gastric juice of H. pylori-infected FcRn~/~ mice was lower
than in H. pylori-infected FcRn*/* mice, but the serum anti-
H. pylori IgG level was not different between the H. pylori-infec-
ted FcRn*/* mice and FcRn~/~ mice (P=0.830; Figure 8). In
addition, the number of H. pylori in the stomach of FcRn~/~
mice was larger than FcRn*/* mice (Figure 9). These results
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Figure 8 The level of anti-Helicobacter pylori1gG in the serum and
gastric juice of FcRn~/~ and FcRn*/+ mice 8 weeks after H. pylori
infection. FcRn*/+ and FcRn~/~ mice (each n=4) were infected with

H. pylori SS1 for 8 weeks as described in Methods. The levels of anti-

H. pylorilgG in the serum (a) and gastric juice (b) of FcRn~/~ and
FcRn*/* mice were measured by enzyme-linked immunosorbent assay.
Data are represented as meanzs.e. (n=4). *P<0.05 according to the
Student’s t-test. FcRn, neonatal Fc receptors for IgG.

were similar to those found from H. heilmannii infection.
The histological examination also revealed that the degree of
infiltration of inflammatory cells in the H. pylori SS1-infected
FcRn~/~ mice was relatively more severe than the FcRn*/*
mice, although tissue damage was not observed (Figure 10a).
In an immunofluorescence staining with an anti-H. pylori anti-
body, the presence of H. pylori was confirmed in the stomach
of FcRn~/~ and FcRn*/* mice infected with H. pylori SS1, but
the prominent difference in its location between FcRn~/~ and
FcRn*/* mice was not observed (Figure 10b), being different
from the results of H. heilmannii.

DISCUSSION

The recent recognition that FcRn expresses in mucosal epithe-
lial cells of adult humans and that FcRn mediates an impor-
tant physiological process such as bidirectional transport of
IgG3%3! have led to the notion that the in vivo functions of
FcRn are broader than the simple acquisition of passive immu-
nity. They are further supported by the recent demonstration
that the human FcRn expressed as a transgene in mice under
the control of its endogenous human promoter can medi-
ate the transport of a model antigen OVA from the lumen.?
These results raise the possibility that important physiological
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Figure 9 Evaluation of the amount of Helicobacter pylori SS1
colonization in the stomach of FcRn~/~ and FcRn*/* mice 8 week after
H. pyloriinfection. FcRn*/* and FcRn~/~ mice (each n=5) were infected
with H. pylori SS1 as described in Methods. After 8 weeks, mRNA of the
stomach of H. pylori-infected FcRn*/* and FcRn~/~ mice were obtained,
and then the levels of H. pylori 16S r-RNA were determined by real-time
quantitative PCR. The levels were normalized to those of p-actin as

an internal standard. Data are represented as the meanzs.e. for each
group (n=5). "P<0.05 according to Student’s t-test. FcRn, neonatal Fc
receptors for IgG.

functions of FcRn are associated with the digestive system
against exposures to a wide spectrum of enteric commensal
and pathogenic bacteria. In this study, we attempted to define
the role of gastric epithelial cell-associated FcRn. As a result,
we not only detected the expression of FcRn in gastric epithe-
lial cells but also could confirm the transport of IgG via FcRn
into gastric secretion. Moreover, it was shown that FcRn is
required for the transport of bacterial antigen-specific IgGs
and furthermore H. heilmannii-specific IgG could prevent deep
H. heilmannii colonization in the LP. These results indicate that
FcRn in the gastric tissue is required for defense against this
important pathogen.

The distinctive histological features of H. heilmannii-asso-
ciated gastritis include the followings: an absence of epithe-
lial damage,*? lymphocytic exudation into gastric foveolae,*?
a mild inflammatory activity,** infrequent development of
MALT,*>3¢ and rarely intestinal metaplasia.'* In contrast to
gastritis, several studies revealed that the formation of lym-
phoid follicles or B-cell MALT lymphoma is the characteristic
lesion for H. heilmannii infection in mice,>>3¢ although its
severity is varied. In the present study, the degree of formation
of lymphoid follicles was significantly higher in H. heilmannii-
infected FcRn~/~ mice in comparison with the infected
C57BL/6] wild-type mice (Figure 6a). Given that gastric
luminal secretion of IgG was abrogated in FcRn =/~ mice, the
absence of FcRn expression resulted in increased numbers of
H. heilmannii in the stomach of FcRn~/~ mice (Figure 7).
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An administration of bacterial-specific IgG, i.e., H. heilmannii
cross-reacting anti-H. pylori antibody,?” led the elimination
of this epithelial cell-associated pathogen in wild-type mice
compared with the control rabbit IgG administration but not
FcRn~/~ mice (Figure 7). These results indicate as follows: in
FcRn*/* mice, the IV-administered anti-H. pylori antibody
was transferred to gastric mucosa via FcRn, resulting in the
decreased H. heilmannii level. The same phenomena was not
observed in FcRn =/~ mice, because the IV-administered anti-
H. pylori antibody was not transported to gastric mucosa in
FcRn~/~ mice. H. heilmannii infection led to the production
of anti-H. heilmannii antibody, i.e., antigen-specific antibody,
and in FcRn*/* mice, the anti-H. heilmannii antibody was
transferred to gastric mucosa through FcRn, but in FcRn =/~
mice this transport was not caused because of the absence of
FcRn, resulting in higher level of H. heilmannii in FcRn~/~
mice than in FcRn*/* mice. It is likely that FcRn-mediated
secretion of IgG eliminates this epithelial cell-associated
pathogen and its consequence MALT. In this regard, Park and
Hong?3® examined the gastric distribution of Ig-secreting cells
during Helicobacter suis (H. suis) infection, and these inves-
tigations revealed a large number of IgA-positive cells in the
LP, especially of the upper mucosa, and the corpus submucosa
in H. suis-infected mice, but not in the control mice. IgG1-,
IgG2b-, and IgM-positive cells were rarely detected in the
gastric mucosa of H. suis-infected and the control mice.?®
However, these findings differed from the results by Peterson
et al.,* who exhibited that the number of IgG- and IgM-posi-
tive cells was increased in gastric mucosa of BALB/c mice
infected with H. heilmannii. In outbred Swiss mice infected
with Helicobacter felis, increased numbers of gastric IgA- and
IgG-positive cells were also observed, although the number of
IgM-positive cells was not increased.>® It can also be assumed
that the types of Ig-secreting cells during Helicobacter infection
are dependent upon the bacterial strain and possibly genetic
background of the host as another variable in determining
whether IgG is available for FcRn-dependent transport. In
our previous report, it was demonstrated that B cells in the
gastric follicles of H. heilmannii-infected mice were CD45R-
positive.!® Possibly, there are few IgG-producing B cells in the
stomach, including the parts of the formed lymphoid follicles,
because there are the lower level of IgG (Figure 4) and the
larger number of lymphoid follicles (Figure 6) in the stomach
of H. heilmannii-infected FcRn~/~ mice. Further studies on
the participated types of Ig-secreting cells during H. heilmannii
infection are therefore required.

Mechanistically, our studies predict that the gastric luminal
IgG delivered from the LP by the FcRn-mediated transport
across the epithelia directly contributes to the suppression of
H. heilmannii infection. Thus, gastric FcRn may have a role
in host defense by transporting IgG into a place that inhibits
the adhesion and/or invasion of the bacterium. The absence
of the anti-H. heilmannii IgG transport into gastric mucosa in
FcRn ™/~ mice leads to the deeper gastric epithelial invasion
of H. heilmannii (Figure 5) together with a larger number of
H. heilmannii (Figure 7) in the gastric epithelium of the
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FcRn*+

FcRn™~

Figure 10

Non-infection

Red: phalloidin
Blue: TO-PRO
Green: H. pylori SS1

Immunohistochemical staining of Helicobacter pylori SS1 in the stomach of FcRn~/~ and FcRn*/* mice 8 weeks after H. pylori SS1

infection. (a) Histological examination of the gastric mucosa in the corpus region of FcRn*/+ and FcRn~/~ mice (each n=5) 8 weeks after

H. pylori SS1 infection was performed by hematoxylin and eosin staining in a blind manner. Original magnification x200. Typical images are shown.
(b) Immunohistological examination of the gastric mucosa from FcRn*/* and FcRn~/~ mice (each n=5) 8 weeks after H. pylori SS1 infection was
performed by confocal laser scanning microscopy in a blind manner. Green: H. pylori; Red: F-actin; and Blue: nucleus. Original magnification x630.

Typical images are shown.

infected FcRn =/~ mice. On the basis of current results, together
with previous studies,>!>213% we would suggest the following
model for H. heilmannii infection. Following H. heilmannii
infection, the host senses the presence of H. heilmannii either
through heterologous antibody binding to antigen by cross-
reacting IgG antibodies and apical to basal transportation of
these immune complexes or through dendritic cell acquisition
of bacteria directly from the lumen, consequently leads to an
adaptive immune response in association with the production
of IgG anti-H. heilmannii antibodies. Anti-H. heilmannii IgG is
subsequently transported into the gastric epithelium or lumen
via FcRn thus directing IgG to a site required for its anti-bacte-
rial effect or action. In the absence of FcRn, anti-H. heilmannii
IgG is not delivered into the gastric tissue, leading to deeper
gastric epithelial invasion of H. heilmannii and furthermore to
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the aggravation of H. heilmannii-associated diseases such as
MALT. In our experiments, it was confirmed that the mRNA
expression level of FcRn tended to be increased up to about
1.8 times (n=3; P=0.079 by Student’s ¢-test) under 4 weeks-
infection with H. heilmannii, and this increase may be also
involved in FcRn-dependent protection against H. heilmannii
infection.

The interesting findings were derived from comparison of
H. heilmannii and H. pylori infections in FcRn~/~ mice. The
bacterial levels in their infected FcRn~/~ mice was higher
than the infected FcRn*/* mice (Figures 7,9), and the gas-
tric juice levels in their infected FcRn =/~ mice was lower than
their infected FcRn*/* mice (Figures 3,8), suggesting the
possibility of an association with Helicobacter bacteria and
FcRn. In a previous study, Garhart et al.*? and Sutton et al.*!
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demonstrated that antibodies do not seem to be effective for
H. pylori-evoked gastritis, suggesting the possibility that cellu-
lar immunity is important for protection against H. pylori infec-
tion. However, there might be also a relationship between the
Helicobacter bacterial level and the FcRn-dependent transport
of IgG, because the number of H. pylori was larger in FcRn~/~
mice (Figure 9). Possibly, the H. pylori level is little depend-
ent in H. pylori-evoked diseases, because immunization of
H. pylori lysates to B-cell-deficient pMT mice could decrease
the bacterial level, although the immunization could not
affect H. pylori-evoked gastritis.*® Interestingly, in contrast
to H. pylori, H. heilmannii could invade into deep pits in
the gastric epithelium and enhance the formation of
gastric lymphoid follicles in absence of FcRn. These results
indicate that H. heilmannii but not H. pylori can enhance the
pathogenesis of diseases through its deep invasion, and these
phenomena might be involved in the big differences between
H. heilmannii and H. pylori in the pathogenesis of infectious
diseases.

In this study, we provide an insight into the role of FcRn on the
transport of secreted bacterial-specific IgG into gastric tissues.
FcRn in the gastric epithelium is the primary means by which
IgG reaches the gastric lumen as seen by the absence of luminal
IgG in the context of FcRn deficiency. Moreover, in relation to
a gastric epithelial infection, this FcRn-mediated IgG transport
likely has a significant role in defending against epithelial-asso-
ciated pathogens as shown here. In conclusion, H. heilmannii-
specific IgG transported via FcRn into the gastric tissue has an
important role in defending against H. heilmannii infection
and its complications. Consequently understanding the func-
tions of FcRn in the stomach will lead to the development of the
therapeutic strategies against a gastric epithelial cell-associated
pathogen, such as H. heilmannii.

METHODS

Mice. All animal experiments were performed according to the
“Guidelines for Animal Experimentation” at the Kobe University
(Permission No. P-090907). FcRn~/~ mice were established pre-
viously,?* and kindly provided by Dr Derry Roopenian (Jackson
Laboratory, Bar Harbor, Maine).C57BL/6] mice; i.e., FcRn*/* mice,
were purchased from CLEA Japan (Shizuoka, Japan), and were bred
under standard laboratory conditions.

H. heilmannii infection. FcRn*/* and FcRn~/~ mice (6 to 8
weeks old) were infected with H. heilmannii, which was originally
obtained from Cynomolgus monkey and was genetically identi-
fied as H. heilmannii as described previously.!> Confirmation
of H. heilmannii infection was performed with PCR using DNA
samples extracted from mucosal homogenates and primers for
H. heilmannii type 1 16S r-RNA; i.e.,, 5'-TTGGGAGGCTTTGTCTTTC
CA-3" and 5'-GATTAGCTCTGCCTCGCGGCT-3'. A control
experiment was performed using primers for H. pylori 16S r-RNA;
ie., 5'-TGCGAAGTGGAGCCAATCTT-3" and 5'-GGAACGTAT
TCACCGCAACA-3'. To confirm H. heilmannii infection, immuno-
histological examination was also performed using a cross-reacting
anti-H. pylori antibody as reported previously.3”

H. pylori SS1 infection. FcRn*/* and FcRn~/~ mice (6 to 8 weeks

old) were infected with H. pylori SS1 (2x10% CFU per one injection)
twice for the second successive day. Confirmation of H. pylori SS1
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infection was performed with PCR using DNA samples extracted
from mucosal homogenates and primers for H. pylori 16S rRNA gene
primers; i.e., 5'-TGCGAAGTGGAGCCAATCTT-3" and 5'-GG
AACGTATTCACCGCAACA-3'. To confirm H. pylori SS1 infection,
immunohistological examination was also performed using a cross-
reacting anti-H. pylori antibody as reported previously.*’

Preparation of isolated gastric epithelial cells. Gastric epithelial cells
were isolated and confirmed according to a previous report.*? Briefly,
the mouse stomach were collected into Ca?* - and Mg?* -free Hanks
balanced salt solution with 5% fetal calf serum, penicillin and strepto-
mycin, and then transferred into Hanks balanced salt solution contain-
ing 1 mM dithiothreitol and 1 mM EDTA. After incubation for 1 h at
37 °C, the resulting cell suspensions were washed with PBS, and then
collected as gastric epithelial cells.

Determination of rabbit IgG, H. heilmannii- and H. pylori SS1-
specific IgG in the serum and gastric juice by enzyme-linked
immunosorbent assay. Rabbit anti-OVA antibody (Rockland,
Gilbertsville, PA) was used as rabbit IgG. Six hours after IV injection
of 1 mg rabbit anti-OVA antibody into FcRn*/*+ and FcRn~/~ mice, the
gastric juice was collected. For detection of rabbit anti-OVA antibody
in the gastric juice, 96-well plates were coated overnight at 4 °C with
100 pl of a bicarbonate solution (pH 9.6) containing 100 pgml~! OVA
(Sigma, St Louis, MO). After washing with PBS containing 0.05% Tween
20 (PBST), the plates were blocked by the addition of 1.5% bovine serum
albumin (BSA) in PBS for 1 h at 37 °C. The plates were then washed twice
with PBST before the gastric juice diluted at 1:400 in PBST containing
0.2% BSA was added. The plates were then incubated for 2 h at 37 °C.
Next, the plates were washed twice with PBST, followed by addition of
100 pl of donkey anti-rabbit IgG antibody conjugated with horseradish
peroxidase (Thermo Scientific, Rockford, IL) diluted at 1:5000 in PBST
containing 0.2% BSA. After incubation for 2 h at 37 °C, the plates were
twice washed with PBST, and then the bound antibody was detected by
addition of O-phenylenediamine substrate, followed by measurement
of absorbance at 490 nm. To detect H. heilmannii- and H. pylori
SS1-specific IgG in the serum and gastric juice of FcRn*/* and FcRn =/~
mice 4 weeks after H. heilmannii and 8 weeks after H. pylori SS1
infection, hyaluronidase in PBS (0.3 mgul~!) was added to the stomach
followed by dissolution of the mucus layer. The gastric juice was collected
and, then centrifuged at 16,000xg for 5 min at 4 °C, and the resultant
supernatant was collected. Therefore, the gastric juice obtained includes
molecules that remain below the mucus in the zone of cytoprotection.
The serum was also separated from the blood by centrifugation
at 15,000xg for 10 min at 4 °C. Ninety six-well plates were coated over-
night at 4 °C with 100 pl of a bicarbonate solution (pH 9.6) containing
100 pgml~! H. pylori lysate, and blocked by the addition of 1.5% BSA
in PBS for 1 h at 37 °C. The serum and gastric juice, which was diluted
at 1:200 and 1:15, respectively, was added to the plates, followed by
addition of 100 pul of hRP-conjugated goat anti-mouse IgG antibody
(Bio-Rad Laboratories, Hercules, CA) diluted at 1:5,000 in PBST con-
taining 0.2% BSA. The bound antibody was detected by addition of
O-phenylenediamine substrate, and measurement of absorbance at
490 nm was carried out.

Immunohistochemistry. Four weeks after H. heilmannii infection, the
gastric mucous layer was fixed by Carnoy’s fixation after the stomach
of mice was resected and opened at the outer curvature, and the sec-
tions were prepared as described previously.*? Briefly, the stomach was
sliced longitudinally from the esophagus to the duodenum, and then
embedded in paraffin wax. The sections (100 pm) were cut and, the
selected serial sections (3-5 sections for one sample obtained from one
mouse) were used in a blind manner. Next, an endogenous peroxidase
activity was blocked by addition of 0.3% H,O, in methanol for 30 min
before the sections were blocked with 5% BSA in PBS, and the sections
were incubated with primary antibodies; i.e., biotin-conjugated goat
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anti-rabbit IgG antibody (Pierce, Rockford, IL) diluted at 1:500 for
detection of rabbit IgG and biotin-conjugated goat anti-mouse IgG
antibody (Pierce) diluted at 1:500 for detection of mouse IgG for
1 h. After washing with PBS, the sections were incubated with a
streptavidin solution (DAKO, Osaka, Japan) for 1 h. The chromogenic
reaction was developed with 3-diaminobenzidine (Sigma Chemical,
Poole, UK) containing 0.02% H,0O, and the sections were mounted
in synthetic medium. The negative control was obtained by omitting
primary antibodies.

Immunofluorescence staining. Paraffin-embedded 4 weeks
H. heilmannii and 8 weeks, after H. pylori SS1-infected, gastric tissues
were fixed with a Carnoy’s solution to preserve the surface mucous
gel layer after the stomach of mice was resected and opened at the outer
curvature. The stomach was sliced longitudinally from the esophagus to
the duodenum, and then embedded in paraffin wax. The paraffin-embed-
ded gastric tissues were de-paraffinized in xylene and were immersed in
absolute ethanol, before 100 pm thick tissue sections were cut using a
tissue microslicer (Microslicer DTK-1000; Dosaka EM, Kyoto, Japan),
and the selected serial sections (3-5 sections for 1 sample obtained from
one mouse) were used in a blind manner. The sections were rinsed in
0.1 M phosphate buffer (pH 7.4) containing 0.1 M NaCl three times, and
then were immersed for 30 min in PBS containing BSA at a concentration
of 1 mgml~!. The sections were incubated with rabbit anti-mouse FcRn
(SantaCruz Biotechnology, SantaCruz, CA) diluted at 1:100 overnight
at 4 °C, followed by reaction with goat-anti rabbit IgG antibody labeled
with Alexa 488 (Invitrogen, Carlsbad, CA). The fluorescence was visual-
ized by a confocal laser scanning microscope (Zeiss LSM510; Carl Zeiss,
Oberkochen, Germany).

Histological examination. Six months after H. heilmannii infection, the
stomach was resected and opened at the greater curvature before being
stained with an indigo carmine solution. Subsequently, the number and
major axis size of clearly identified gastric lymphoid follicles in each
stomach were evaluated. Half of the stomach was embedded in paraffin
wax, and the paraffin-embedded tissues were sliced and stained with
hematoxylin and eosin in a blind manner. Eight weeks after H. pylori
SS1 infection, half of the stomach was embedded in paraffin wax, and
the paraffin-embedded tissues were sliced and stained with hematoxylin
and eosin in a blind manner.

Quantitative real-time PCR. H. heilmannii- and H. pylori-infected
mucosal and submucosal layers of the stomach, and the isolated gas-
tric epithelial cells were homogenized with 1 ml of TRIZOL reagent
(Invitrogen), and RNA was extracted from the homogenates accord-
ing to the manufacturer’s instructions. RNA was subjected to the
reverse transcription reaction using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) according
to the manufacturer’s protocols, and quantitative real-time PCR was
performed using Power SYBR Green PCR Master Mix. The following
primers were used: B-actin: 5'-AAGGCCAACCGTGAAAAGAT-3'
and 5'-GTGGTACGACCAGAGGCATAC-3"; H. heilmannii
type 1 16S rRNA: 5'-AGACAAAGCCTCCCAACAAC-3" and 5'-ATC
ACTGACGCTGATTGCAC-3'; H. pylori 16S rRNA: 5'-TGCGA
AGTGGAGCCAATCTT-3" and 5'-GGAACGTATTCACCGCAACA-3';
FcRn: 5'-CAGCCTCTCACTGTGGACCTAGA-3’ and 5'-TCGCCG
CTGAGAGAAAGC-3'; epithelial-specific epcam: 5'-GAGCG
CGTGAGGACCTACTGGA-3" and 5'-TGTGAACGCCTCTT
GAAGCGCA-3'; cytokeratin Type 1: 5'-CAGAGAGCAGT
CAGCCGCCAT-3" and 5'-GTGCTGGGCCTGCAGGTCAAT-3". To
allow a relative comparison of RNA expression levels, the data from
real-time PCR were normalized to the amount of B-actin cDNA as an
endogenous control.

Statistical analysis. All results are expressed as meanszs.e. Statistical
significance was analyzed using the Student’s ¢-test, and a level of prob-
ability of 0.05 was used as the criterion of significance.
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