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Helicobacter pylori infection is associated with several autoimmune diseases, in which autoantibody-produc-
ing B cells must be activated. Among these B cells, CD5-positive B-1a cells from BALB/c mice were confirmed
to secrete autoantibodies when cocultured with purified H. pylori urease in the absence of T cells. To determine
the mechanisms for autoantibody production, CD5-positive B-1a cells were sorted from murine spleen cells and
stimulated with either purified H. pylori urease or H. pylori coated onto plates (referred to hereafter as
plate-coated H. pylori), and autoantibody production was measured by enzyme-linked immunosorbent assay
(ELISA). Complete urease was not secreted from H. pylori but was visually expressed over the bacterium-like
endotoxin. Urease-positive plated-coated H. pylori stimulated B-1a cells to produce autoantibodies, although
urease-deficient isotype-matched H. pylori did not. Autoantibody secretion by B-1a cells was inhibited when
bacteria were pretreated with anti-H. pylori urease-specific antibody having neutralizing ability against urease
enzymatic activity but not with anti-H. pylori urease-specific antibody without neutralizing capacity. The B-1a
cells externally express various Toll-like receptors (TLRs): TLR1, TLR2, TLR4, and TLR6. Among the TLRs,
blocking of TLR2 on B-1a cells with a specific monoclonal antibody (MAb), T2.5, inhibited autoantibody
secretion when B-1a cells were stimulated with plate-coated H. pylori or H. pylori urease. Moreover, B-1a cells
from TLR2-knockout mice did not produce those autoantibodies. The present study provides evidence that
functional urease expressed on the surface of H. pylori will directly stimulate B-1a cells via innate TLR2 to
produce various autoantibodies and may induce autoimmune disorders.

Helicobacter pylori causes not only a variety of gastroduode-
nal diseases but also various autoimmune disorders, such as
rheumatoid arthritis (RA) (16), idiopathic thrombocytopenic
purpura (ITP) (7), and Sjogren’s syndrome (SjS) (3); however,
the actual underlying relationship between H. pylori infection
and the induction of autoimmune diseases remains unknown.

The relationship between pathogen intrusion and the induc-
tion of autoimmune disorders has been defined over the last
decade; for example, infection of BALB/c mice with either
coxsackievirus or murine cytomegalovirus results in the devel-
opment of myocarditis and the production of autoantibodies to
cardiac myosin from 28 days after infection (25). Thus, T cells
and autoantibodies specific for the pathogens in the acquired
immunity have been thought to be critical for the induction of
autoimmune disorders; however, in some cases, infectious viruses,
the causative agents, cannot be detected after 14 days of infection
and actual evidence of molecular mimicry in the development of
myocarditis has not been confirmed (5). This strongly indicates
that the nonspecific adjuvant effect (2) derived from pathogens
and damaged self-components produced via infection may per-
sistently stimulate innate immune responses to progress chronic

autoimmune disorders. These innate immune cells generally do
not respond to specific antigenic epitopes on pathogens but do
react against pathogen-associated molecular patterns (PAMPs)
via pattern recognition receptors, such as Toll-like receptors
(TLRs). Thus, autoimmunity accompanied by the production of
various autoantibodies is possibly elicited through continual stim-
ulation of innate TLRs by some PAMPs of pathogens causing
chronic infection.

In our previous study, we found that purified urease isolated
from H. pylori activated murine B cells to produce various
autoantibodies, such as immunoglobulin M (IgM)-type rheu-
matoid factor (RF IgM), anti-single-stranded DNA antibody,
and antiphosphatidylcholine (anti-PC) antibody, in a T-cell-
independent manner (33). Moreover, as expected, B cells able
to be stimulated by H. pylori urease are CD5� innate B-1a cells
that predominantly secrete IgA-, IgM-, and IgG3-type antibod-
ies. In contrast to T-cell-dependent B-2 cells in the acquired
arm, T-cell-independent innate B-1a cells mainly localize in
the peritoneal and pleural cavities or mucosal compartments
so that they may come into direct contact with H. pylori at the
gastric mucosa.

In the present study, we found that urease is not actively
secreted from H. pylori but, rather, is expressed on the surface
of spiral-shaped bacteria and that urease-positive H. pylori-
coated plates appear to stimulate purified CD5� B-1a cells to
produce various autoantibodies, although urease-deficient bac-
teria do not. Moreover, autoantibody secretion by B-1a cells
was apparently inhibited when bacterium-coated plates were
pretreated with anti-H. pylori urease-specific antibody. In this
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case, antibodies that could abrogate the enzymatic activity of
bacterial urease, such as UB-33-specific antibodies (14),
showed an inhibitory ability. Furthermore, blocking of TLR2
on B-1a cells with a specific monoclonal antibody (MAb), T2.5
(19), significantly inhibited the secretion of autoantibodies
when stimulated with H. pylori-coated urease-positive plates.
This was confirmed by using B-1a cells from TLR2-knockout
mice.

These findings indicate that the functional urease expressed
on the surface of H. pylori directly stimulates TLR2 on innate
B-1a cells in the gastric mucosa to produce various autoanti-
bodies like PAMPs and may induce autoimmune disorders.

MATERIALS AND METHODS

Animals. Six- to 8-week-old female BALB/c mice and 10-week-old female
Japanese white rabbits were purchased from Nisseizai (Tokyo, Japan), and
6-week-old female TLR2-knockout (TLR2�/�) BALB/c mice (29) were pur-
chased from Oriental Bioservice (Kyoto, Japan). These animals were maintained
in microisolator cages under pathogen-free conditions and fed autoclaved labo-
ratory chow and water. All animal experiments were performed according to the
guidelines of the National Research Council Guide for the Care and Use of
Laboratory Animals (22a) and approved by the Review Board of Nippon Medical
School.

Bacterial strains and growth conditions. The bacteria used in the present
study were two known wild-type H. pylori strains, Sydney strain 1 (SS-1) (17) and
NCTC 11637 (4). To obtain a large amount of bacterial cells, we used the
following methods, as described previously (8). In brief, either the SS-1 or NCTC
11637 isolate was cultured on brucella agar (BD Biosciences, San Diego, CA)
containing 5% horse serum (Sigma-Aldrich, St. Louis, MO) and 1% �-cyclodex-
trin (Wako Junyaku, Osaka, Japan) at 37°C under microaerophilic conditions
(5% O2, 15% CO2, and 80% N2) with an AnaeroPack sachet (MicroAero;
Mitsubishi Gas Chemical, Tokyo, Japan). After a 2-day culture, the colonies were
harvested by scraping with a sterile metal spatula, transferred to 50 ml brucella
broth (BD Biosciences) containing 5% horse serum and 1% �-cyclodextrin, and
further cultured for 24 h at 37°C. Then, 500 �l cell-containing medium was plated
on brucella agar for an additional 3 days at 37°C, and the grown bacterial cells
were harvested and washed with cold phosphate-buffered saline (PBS) at pH 7.0.
The cells were sedimented by centrifugation (10,000 � g for 10 min at 4°C), and
the cell pellet was stored at �80°C. A urease-negative mutant of H. pylori,
HPP1801, which originated from the NCTC 11637 isolate (32), a kind gift from
Tomoko Mizote at Yamaguchi Prefectural University, was cultured on brucella
broth containing 5% horse serum, 1% �-cyclodextrin, and 10 �g/ml kanamycin
(Wako Junyaku).

Purification of H. pylori urease. H. pylori urease was purified biochemically as
described previously (33). Briefly, the stored cell pellet containing about 1 g H.
pylori cells was thawed and vortexed with sterile distilled water. The cells were
removed from the mixture by centrifugation, and the supernatant was filtered
with a 0.22-�m-pore-size filter (Millipore, Billerica, MA) to obtain water extract.
Then, the column containing Cellufine sulfate (Millipore) was equilibrated with
PE65 buffer (20 mM phosphate buffer [PB] and 1 mM EDTA at pH 6.5). About
6.5 ml of prepared water extract was then applied to the column and eluted with
the PE65 buffer. Urease-containing fractions were harvested by measuring en-
zyme activity, adjusted to pH 5.5, and adsorbed to the second-step column that
had been preequilibrated with an another buffer, termed PO55 (20 mM PB at pH
5.5), for washing. Gel-bound urease was also eluted using PO74 buffer (20 mM
PB and 0.15 M NaCl at pH 7.4). Each eluted fraction was analyzed for its enzyme
activity quantitatively, and the positive fractions were collected in a single tube.
For the collected sample, it was confirmed whether it contained H. pylori urease
by Western blot analysis, as described below. The purity of the eluted urease was
examined by silver staining using a silver staining kit (Wako Junyaku), and the
purified urease protein concentration was estimated using a Micro BCA protein
assay reagent kit (Pierce Co., Inc., Rockford, IL).

Western blotting for H. pylori urease. Samples were loaded onto a sodium
dodecyl sulfate (SDS)-polyacrylamide gel for electrophoresis and then trans-
ferred to a nitrocellulose-polyvinylidene difluoride membrane (Atto, Tokyo,
Japan) using blotting buffer (2 M Tris [pH 8.0], 1.43% glycine, 5% methanol).
The blots were blocked overnight at 4°C with Block Ace (Dainihon Seiyaku,
Osaka, Japan). The membrane was incubated with anti-whole H. pylori urease-
specific antibody from immune rabbit serum and two murine H. pylori urease-

specific MAbs, termed L2 for the large subunit (UreB) (22) and S2 for the small
subunit (UreA) (15). The blots were washed five times with PBS containing
0.05% Tween 20 (T-PBS) and incubated with biotinylated goat anti-rabbit im-
munoglobulin (Ig) and anti-mouse Ig (Vector Laboratories, Burlingame, CA) at
1:200 in PBS for 2 h at room temperature (RT). After being washed three times,
the blots were incubated with streptavidin-alkaline phosphatase (Nichirei, To-
kyo, Japan) diluted 1:5 in PBS for 30 min at RT. Then, the blots were detected
with a ProtoBlot nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphos-
phate color development system (Promega Corporation, Madison, WI).

Purification of H. pylori lipopolysaccharide (LPS). Cells were lysed in Tris HCl
(pH 6.8) containing 2% SDS at 90°C for 10 min. Protein content was measured
using the BCA protein assay reagent kit. Samples of cell lysates were adjusted to
equal protein contents (1 mg/ml) and then proteolyzed in reaction mixtures
containing Tris HCl, SDS, and proteinase K at 60°C for 2 h. The proteolyzed
samples were extracted with hot phenol, mixed with equal volumes of water and
phenol, and incubated at 70°C with repeated vortexing for 20 min. After cen-
trifugation at 12,000 � g for 15 min at 10°C, the aqueous phases were collected.
The phenolic phases were reextracted with 1 volume of H2O at 70°C for 10 min,
and the centrifugation was repeated. The combined aqueous extracts were ad-
justed to 0.5 M NaCl, precipitated with 10 volumes of ethanol in the refrigerator
overnight, and then centrifuged at 20,000 � g for 20 min at 10°C and air dried.

Electrophoretic analyses of H. pylori LPS. Samples were applied to a 15%
polyacrylamide separating gel containing 3.2 M urea and a 5% stacking gel. After
electrophoresis at 25 mA for 90 min, the gel was either fixed for silver staining
(30) or transferred to a polyvinylidene difluoride membrane using blotting buffer
(20). Primary antibody, monoclonal anti-Lewis x (Lex; clone P12 [21]; Signet,
Dedham, MA) or anti-Lewis y (Ley; 1:100; clone F3 [21]; Signet), and secondary
antibody (biotinylated goat anti-mouse IgM; 1:1,000; BD Bioscience) were di-
luted in PBS containing 0.5% bovine serum albumin (BSA) (13). Then, strepta-
vidin peroxidase (Nichirei) was diluted 1:5 in PBS. The blots were detected with
a tetramethylbenzidine (TMB) development system (Vector Laboratories, Bur-
lingame, CA).

Preparation of anti-H. pylori urease-specific antibodies. Anti-H. pylori urease-
specific antibodies were obtained from rabbits immunized with either purified
urease or synthetic peptides purchased from Takara Bio (Tokyo, Japan). To
induce the neutralizing antibody that abrogates the enzymatic activity of H. pylori
urease, a 19-mer peptide, UB-33 (amino acids 321 to 339 [CHHLDKSIKEDV
QFADSRI]), from a large subunit of H. pylori urease (UreB) (14) was admin-
istered intramuscularly into rabbits with the same volume of complete Freund
adjuvant. At 2 and 8 weeks after immunization, rabbits were boosted with UB33
peptide mixed with the same volume of incomplete Freund adjuvant. Antibody-
containing serum was collected 3 weeks after the last immunization and purified
using a protein A column (GE Healthcare, Uppsala, Sweden).

Detection of H. pylori urease in growth medium. A 100-�l aliquot of the known
H. pylori urease-specific MAb L2 (5 �g/ml) (14) was added to 96-well flat-bottom
plates (Thermo Fisher Scientific, Roskilde, Denmark), and the mixture was
incubated overnight at 4°C. After incubation, antibody-coated plates were
blocked with PBS containing 1% BSA for 3 h at RT and washed twice with
T-PBS. A 50-�l aliquot of sample was added, and 50 �l diluted anti-whole urease
rabbit serum (1:200) was added. After washing with T-PBS, 50 �l diluted per-
oxidase-conjugated goat antirabbit antibody (Rockland, Gilbertsville, PA) was
added, the mixture was incubated with 50 �l TMB-soluble reagent (Scy-Tek
Laboratories, Logan, UT) for 20 min, and 50 �l TMB stopping solution (Scy-Tek
Laboratories) was added. The color changes were quantitated by measurement
of the absorbance at 450 nm with a microplate reader (Bio-Rad, Hercules, CA).

Immunohistological staining for H. pylori urease and LPS. Cultured H. pylori
was plated on a micro-slide glass and fixed with 4% paraformaldehyde (PFA)-
PBS (pH 7.2) for 30 min at RT. In the light microscopic view, after washing with
PBS, blocking solution (PBS containing 1% BSA and 0.3% normal goat serum)
was added to the micro-slide glass and incubated for 1 h. After washing with PBS,
anti-urease-specific rabbit serum was added and the mixture was incubated for an
additional 1.5 h. Then, biotinylated goat antirabbit antibody (Dako, Glostrup,
Denmark) was added for 1 h and the mixture was incubated with streptavidin
complex (ABC complex kit; Vector Laboratories) for 20 min. After washing with
PBS, diaminobenzidine (DAB; Vector Laboratories) was added and the reaction
was stopped with distilled water.

As for H. pylori LPS staining, either monoclonal anti-Lewis x (clone P12) or
anti-Lewis y (clone F3) (1:40) was added and the mixture was incubated at 37°C
for 2 h. After washing with PBS, secondary antibody (biotinylated goat anti-
mouse IgM, 1:200) was added, and the mixture was incubated for an additional
1 h and then further incubated with streptavidin complex (ABC complex kit;
Vector Laboratories) for 30 min. After washing with PBS, DAB (Vector Labo-
ratories) was added and the reaction was stopped with distilled water. In electron
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microscopic analysis, fixed H. pylori cells were embedded in a 1% agarose gel,
which was then cut into thin sections (1 to 2 mm3) and stained with anti-urease-
specific rabbit serum. The stained block was fixed with 2.5% glutaraldehyde–0.1
M PB (pH 7.3) and 1% osmium tetroxide–0.1 M PB. Then, the sample was
dehydrated with a series of graded ethanol and polymerized with Epon 812 resin
(TAAB Laboratories, Berks, United Kingdom). Thin sections were made using
an ultramicrotome (Leica, Solms, Germany), and the sections were stained with
lead citrate and observed with an electron microscope (JEOL-1010; Nihon Den-
shi, Tokyo, Japan).

Purification and sorting of B-1a cell subset. After red blood cells had been
depleted with ammonium chloride, the remaining splenic lymphocytes or peri-
toneal cavity-derived cells from mice were incubated with anti-Thy1.2 MAb
(Serotec Ltd., Oxford, United Kingdom), followed by the addition of rabbit
complement (Cederane, Ontario, Canada) at 37°C for 1 h to deplete T lympho-
cytes as described previously (28). Live cells were harvested and confirmed to be
B cells of �90% purity by flow cytometry (BD Bioscience) using fluorescein
isothiocyanate (FITC)-conjugated rat anti-mouse B220 MAb (RA3-6B2;
PharMingen, San Diego, CA). Purified B cells were incubated in 200 �l RPMI
1640-based culture medium (CM) containing 10% heat-inactivated fetal calf
serum (FCS), 20 mM HEPES (Gibco BRL, Grand Island, NY), 10 mM 2-mer-
captoethanol (Sigma-Aldrich), 100 U/ml penicillin, 0.1 mg/ml streptomycin, and
10 �g/ml gentamicin at 37°C in a 5% CO2 atmosphere on 96-well U-bottom
plates (BD Falcon, Franklin Lakes, NJ). To obtain a B-1a (B220�/CD5�) or B-2
(B220�/CD5�) cell subset, purified splenic B cells were further sorted using a
FACSAria-II cell sorter (BD Bioscience) and FITC-conjugated rat anti-mouse
B220 MAb and phycoerythrin (PE)-conjugated anti-mouse CD5 MAb (53-7.3;
PharMingen). Sorted cells were confirmed to be either B-1a or B-2 cells of �90%
purity. In some experiments, we used peritoneal cavity-derived B-1a cells (perC
B-1a cells), obtained by flushing the peritoneal cavity with RPMI 1640 supple-
mented with 10% FCS and 1 mM EDTA. perC B-1a cells were isolated using a
two-step process. First, macrophages were depleted with two successive pannings
of adherent cells for 2 h at 37°C in 5% CO2, followed by depletion of T cells with
antibodies to the pan-T-cell marker Thy1.2 with Dynabeads according to the
manufacturer’s instructions (Dynal Biotech, Oslo, Norway). The purified cells
were 92% B220� CD5� B-1a cells. However, we could always obtain fewer perC
B-1a cells than sorted splenic B-1a cells from a mouse. Thus, we used sorted
splenic B-1a cells for further experiments.

Enzyme-linked immunosorbent assay (ELISA). Purified B cells, B-1a cells, or
B-2 cells either were added to H. pylori coated onto plates (referred to hereafter
as plate-coated H. pylori) or cultured with 10 �g/ml purified H. pylori urease or
PBS for 7 days in vitro, and the culture supernatants were harvested and ana-
lyzed. All the experiments were performed in triplicate.

Detection of IgG3. A 50-�l aliquot of affinity-purified rabbit anti-mouse IgG3
(10 �g/ml in PBS; Rockland) was added and the mixture was incubated at 4°C.
After overnight incubation, the antigen-coated plates were blocked with BSA in
PBS, and then 50 �l cultured supernatant was plated for an additional 60 min.
After washing with T-PBS, 50 �l diluted biotinylated goat anti-mouse Ig (1:5,000;
Amersham Bioscience) was added for 60 min, followed by horseradish peroxi-
dase-avidin D (1:2,000; Vector Laboratories). After washing with T-PBS, 50 �l
TMB staining solution was added, the mixture was incubated for 20 min, and a
100-�l aliquot of TMB stopping solution was added. The changes were quanti-
tated by measurement of the absorbance at 450 nm with a microplate reader. On
the basis of the mouse reference serum for standard IgG3 (Bethyl Laboratories,
Inc., Montgomery, TX), we determined the concentration of serum IgG3.

Detection of ssDNA. Stock solution containing calf thymus DNA (type I; 1
mg/ml in H2O; Sigma-Aldrich) was boiled for 10 min in a 1/10 volume of 1 N
NaOH. The boiled solution was immediately put on ice for 10 min and diluted
to 3 �g/ml with cold borate-buffered saline. A 100-�l aliquot of prepared single-
stranded DNA (ssDNA) was added and blocked with 0.5% BSA and 0.04%
Tween 20 in borate-buffered saline (BBT). A 50-�l aliquot of diluted (1:10)
culture supernatant was incubated overnight at 4°C, a 50-�l aliquot of diluted
biotinylated goat anti-mouse Ig (1:5,000) was added, and bound Ig was detected
with a similar procedure. On the basis of the mouse reference serum for standard
anti-ssDNA MAb (clone F7-26; Millipore), we determined the concentration of
anti-ssDNA.

Detection of PC. A 100-�l aliquot of L-�-phosphatidylcholine from frozen egg
yolk (type XIII-E; 50 �g/ml in ethanol; Sigma-Aldrich) was added to the plates,
and the plates were incubated overnight at 4°C. After blocking, a 50-�l aliquot
of the culture supernatant was plated, followed by biotinylated goat anti-mouse
Ig, and bound Ig was measured with a similar procedure.

Detection of RF IgM. RF IgM was detected with an RF IgM (mouse) ELISA
kit (Shibayagi, Gunma, Japan). According to the manufacturer’s procedure, IgM
type RF was measured.

FIG. 1. Autoantibody secretion from purified murine splenic B
cells as well as their sorted B-1 or B-2 cells stimulated with purified H.
pylori urease. (A) Purified B cells (1 � 106) were cultured with 10
�g/ml purified H. pylori urease from either the SS-1 or NCTC 11637
isolate for 7 days, and the supernatants were harvested to measure
their anti-ssDNA autoantibody production by ELISA. Data are
means � SDs (n 	 6). (B) Either 2 � 105 purified B cells or the same
number of their sorted B-1a or B-2 cells were cultured with 10 �g/ml
purified H. pylori urease (filled columns) or PBS (open columns) for 7
days in CM, and the supernatants were harvested to measure either
their anti-ssDNA (top) or anti-PC (bottom) autoantibody production.
Data are means � SDs (n 	 6). O.D., optical density. (C) Purified
peritoneal cavity-derived B-1a (perC B-1a) cells (1 � 105) were cul-
tured with 10 �g/ml purified H. pylori urease for 7 days, and the
supernatants were harvested to measure their anti-ssDNA autoanti-
body production. Statistical significance was determined by the Stu-
dent t test, and the values are given in each graph.
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Coating of culture plates with H. pylori. The grown H. pylori cells were har-
vested and sedimented by centrifugation (3,000 � g for 10 min). The cell pellet
was adjusted to a McFarland index 2 standard with PBS. For fixation, the same
volume of 2% PFA solution was added to the pellet, and the mixture was
incubated for 10 min at 10°C (9). Then, a 100-�l aliquot of PFA-fixed H. pylori
was further incubated for 40 min at 60°C for plate coating.

Blocking of urease on the surface of H. pylori with specific rabbit antibodies.
After coating 96-well round-bottom plates with H. pylori, 50 �g diluted (1:200)
antibodies for H. pylori urease (anti-whole urease antibody, anti-UB-33 antibody)
was added to each well, the plates were incubated at 37°C for 90 min, and the
cells were washed three times with CM.

Effect of antibodies on H. pylori urease activity. To investigate the inhibitory
effect of antibodies on the enzymatic activity of H. pylori urease, the urease (0.2
�g in 50 �l of 20 mM PB, pH 6.8) was mixed with purified antibody in 96-well
plates. The mixture was incubated for 90 min. After incubation, 100 �l of reacted
solution was mixed with 100 �l of 100 mM Sorensen’s PB (pH 6.8) containing 100
mM urea (Wako) and 0.005% phenol red (Wako). Using a microreader, the time

course of the color development was monitored by measurement of the absor-
bance at 540 nm at 60-min intervals for 7 h.

Detection of TLRs by reverse transcription-PCR analysis. Total RNA was
extracted from 3 � 105 cells of each cell preparation using a commercial RNeasy
kit (Qiagen, Hilden, Germany). Transcripts of TLRs as well as the housekeeping
gene glyceraldehyde-3-phosphate (GAPDH) were amplified by PCR. The primer
sets used to perform the PCR analysis are shown in Fig. 6A. After 35 cycles of
PCR, the PCR products were resolved by electrophoresis in agarose gels and
visualized by ethidium bromide staining using a UV light source.

Flow cytometric analysis of TLRs on B-1a cells. Purified B-1a cells were
stained with the following anti-mouse TLR-specific rat antibodies and PE-con-
jugated goat anti-rat IgG (clone 405406; BioLegend, San Diego, CA) and ana-
lyzed by flow cytometry: anti-mouse TLR1 antibody (clone TR23; eBioscience,
San Diego, CA), anti-mouse TLR2 antibody (clone 6C2; eBioscience) (23),
anti-mouse TLR3 antibody (clone T3.7C3; eBioscience), anti-mouse TLR4/
MD-2 antibody (clone MTS510; eBioscience), and anti-mouse TLR6 antibody
(clone 41861; R&D Systems Inc., Minneapolis, MN). B-1a cells were also stained

FIG. 2. Detection of H. pylori urease in the bacterial culture supernatant by sensitive ELISA using H. pylori urease-specific MAb. (A) Urease-
positive H. pylori strains (isolates SS-1 and NCTC 11637) were cultured in brucella broth containing 5% horse serum for 2 days, and cell-free
culture supernatant (culture sup.) was collected carefully and further sedimented by centrifugation (3,000 rpm for 5 min at 4°C) to remove debris.
Compared with positive controls containing purified H. pylori urease (100 �g/ml), H. pylori urease was only slightly detected in the bacterial culture
supernatant. Results are expressed as means � SDs (n 	 5). Statistical significance was determined by the Student t test, and the values are given
in the graph. (B) We then tried to confirm the results by Western blotting by using whole urease-specific antibody from immune rabbit sera and
two H. pylori urease-specific MAbs, L2 for the large subunit (UreB) and S2 for the small subunit (UreA), as described in Materials and Methods.
We could detect both the large subunit (UreB) and the small subunit (UreA) in the culture supernatants of both SS-1 and NCTC 11637 compared
with purified urease obtained from the bacteria. We have confirmed that HPP1801, a urease-negative mutant from the NCTC 11637 isolate, did
not express urease in its lysates.

4794 KOBAYASHI ET AL. INFECT. IMMUN.



with either PE-conjugated anti-mouse TLR7 antibody (polyclonal; Imgenex, San
Diego, CA), PE-conjugated anti-mouse TLR8 antibody (clone 44C143; Im-
genex), or FITC-conjugated anti-mouse TLR9 antibody (clone M9.D6; eBiosci-
ence).

Blocking of cell surface TLRs on B-1a cells. Purified murine B-1a cells were
incubated with anti-mouse TLR1 antibody, anti-mouse TLR2 (clone T2.5; eBio-
science) (19), anti-mouse TLR4/MD-2 antibody, anti-mouse TLR6 antibody, or
anti-mouse IgG1 isotype control (clone 11711; R&D Systems) (final concentra-

tion, 1 �g/106 cells) for 30 min at 37°C. After incubation, cells were washed three
times with CM and added to round-bottom 96-well plates.

Statistical analysis. The results were analyzed using Student’s t test, and the
results are presented as means � standard deviations (SDs). Differences at P
values of 
0.05 were considered significant.

RESULTS

Secretion of anti-ssDNA-specific autoantibody by purified
murine B-1a cells stimulated with purified H. pylori urease.
We have reported previously that murine B cells, in particular,
CD5� B-1a cells, secreted various autoantibodies, such as
IgM-type RF, anti-ssDNA-specific antibody, and anti-PC-spe-
cific antibody, when stimulated with purified H. pylori urease in
vitro (33). Here, we confirmed the production of anti-ssDNA-
specific autoantibody by enriched murine splenic B cells stim-
ulated with purified H. pylori urease from either isolate SS-1 or
isolate NCTC 11637 (Fig. 1A). We observed similar results in
autoantibody production against ssDNA and PC when sorted
splenic CD5� B-1a cells but not CD5�� B-2 cells were stim-
ulated with purified H. pylori urease (Fig. 1B). These findings
indicate that among B cells, murine B-1a cells are the actual
targets for H. pylori urease. We have seen similar results by
using murine B-1a cells obtained from the peritoneal cavity
(perC B-1a) (Fig. 1C). Thus, there seems to be no difference
between splenic B-1a cells and perC B-1a cells in the response
against purified H. pylori urease to produce autoantibodies.

FIG. 3. Detection of H. pylori urease on/in the bacteria by immu-
nohistological staining using murine H. pylori urease-specific antibody.
H. pylori urease-positive isolates (SS-1 and NCTC 11637) and an H.
pylori urease-negative isolate (HPP1801) were used for staining. Im-
munohistological analysis to detect the localization of H. pylori urease
was carried out using light microscopy (magnification, �800) (A) and
electron microscopy (magnification, �15,000) (B).

FIG. 4. Secretion of autoantibodies from purified B-1a cells stimulated with fixed plate-coated H. pylori. Purified murine B-1a cells (2 � 105)
were cultured with either urease-positive H. pylori (SS-1 and NCTC 11637) or urease-negative H. pylori (HPP1801) fixed by 2% PFA for 10 min
and cultured for an additional 7 days, and the supernatants were harvested to measure the production of autoantibodies by ELISA. Results are
expressed as means � SDs (n 	 5). Statistical significance was determined by the Student t test, and the P values are given in each graph.

VOL. 79, 2011 STIMULATION OF B-1a CELLS BY H. PYLORI UREASE VIA TLR2 4795



However, we could always obtain far fewer perC B-1a cells
than sorted splenic B-1a cells from a mouse. Thus, we used
sorted splenic B-1a cells for further experiments.

Detection and localization of H. pylori urease. To confirm
whether urease is actually secreted from H. pylori in the growth
state, we examined the bacterial culture supernatant of H.
pylori. H. pylori urease was slightly detected in the culture
supernatant of NCTC 11637 isolates with a sensitive ELISA
system using highly purified H. pylori urease-specific MAb (8,
14) (Fig. 2A). We tried to confirm the results by Western
blotting by using whole urease-specific antibody from immune
rabbit sera and two H. pylori urease-specific MAbs, L2 for the
large subunit (UreB) and S2 for the small subunit (UreA), as
described in Materials and Methods. As shown in Fig. 2B,
similar to the purified H. pylori urease, we could detect both
the large subunit (UreB) and the small subunit (UreA) in the
culture supernatants of both SS-1 and NCTC 11637 by West-
ern blotting. Here, we have also confirmed that HPP1801, a
urease-negative isogenic mutant from NCTC 11637, did not
express urease (Fig. 2B). These findings indicate that, although
the amount was very small, we could detect complete H. pylori
urease composed of both the large (UreB) and small (UreA)
subunits in the culture supernatants of both SS-1 and NCTC
11637.

Then, we examined whether H. pylori urease is expressed
on/in the bacteria by immunohistochemical staining using
anti-H. pylori urease-specific antibody. Here, we took advan-
tage of a urease-negative H. pylori isolate (HPP1801) as a
negative control. We found the expression of H. pylori urease
on the surface of bacteria rather than inside by both light
microscopy (Fig. 3A) and electron microscopy (Fig. 3B). Sim-
ilar to the previous observation (24), these findings indicate
that H. pylori expresses urease on its surface and secretes only
small amounts of urease. In general, endotoxins, such as LPSs
and peptide-glycans (PGs), are components expressed on var-
ious pathogens, while exotoxins, such as enterotoxins and vero-
toxin, are released from the pathogens. The former endotoxins
may stimulate immunocompetent cells through TLRs. Thus,
we thought that H. pylori urease on the bacteria would stimu-
late innate cells through TLRs.

Stimulation of murine B-1a cells by H. pylori urease ex-
pressed on the bacterial surface. We then asked whether the
H. pylori urease expressed on the surface of the bacterium
would directly stimulate murine B-1a cells. To keep the ex-
pression of urease on the surface, H. pylori was fixed with 2%
PFA, as indicated in Materials and Methods. We coated a
96-well round-bottom culture plate with the fixed H. pylori cells
and added purified murine B-1a cells to examine the amount of
autoantibodies secreted in the culture supernatant. To elimi-
nate the possibility that B-1a cells were stimulated by compo-
nents of H. pylori other than urease, such as LPS, we cultured
B-1a cells with PFA-fixed urease-negative H. pylori (strain
HPP1801). Consequently, the secretion of various autoanti-
bodies (Fig. 4A to D), such as IgG3 (A), anti-ssDNA (B),
anti-PC (C), and RF (D), was detected when B-1a cells were
cocultured with the urease-positive H. pylori isolate but not
with the urease-negative H. pylori isolate. It should be noted
that the isotypes of the anti-ssDNA and anti-PC autoantibod-
ies secreted by B-1a cells were IgA or IgM (data not shown).
These findings strongly suggest that murine B-1a cells can be

FIG. 5. Effect of H. pylori-urease specific antibodies on the secre-
tion of autoantibodies by purified B-1a cells stimulated with H. pylori
urease. We have identified an epitope for neutralizing antibody,
termed the UB-33 peptide, within the large subunit (UreB) of H. pylori
urease (14). (A) Anti-UB-33-specific rabbit antibody significantly in-
hibited the enzymatic activity (urea catalysis) of purified urease from
the NCTC 11637 isolate (*, P 
 0.005), although anti-whole urease-
specific antibody did not neutralize the activity, similar to the isotype-
matched control antibody. Results are expressed as means � SDs (n 	
5). (B) Anti-UB-33-specific rabbit antibody significantly suppressed
autoantibody secretion by B-1a cells stimulated with urease on the
surface of H. pylori for 90 min at 37°C. Results are expressed as
means � SDs (n 	 5). (C) Anti-UB-33-specific rabbit antibody also
significantly suppressed autoantibody secretion by B-1a cells stimu-
lated with purified H. pylori urease for 90 min at 37°C. Results are
expressed as means � SDs (n 	 5). Statistical significance was deter-
mined by the Student t test, and the values are given in each graph.
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stimulated to secrete autoantibodies by H. pylori urease ex-
pressed on the bacterial surface.

Effect of anti-H. pylori urease-specific antibodies on autoan-
tibody secretion by B-1a cells stimulated with bacterium-
coated plates. Next, we examined the effects of various H.
pylori urease-specific antibodies on autoantibody secretion by
B-1a cells. As we have reported previously (14), there are two
distinct types of H. pylori urease-specific antibodies: one can
neutralize urease enzymatic activity, and the other cannot,
despite its binding capacity. We have identified an epitope for
neutralizing antibody, termed the UB-33 peptide, within the
large subunit (UreB) of H. pylori urease and demonstrated that
rabbit immune sera specific for that epitope neutralized urease
enzymatic activity (14), although sera from rabbits immunized
with purified whole H. pylori urease did not.

When strain NCTC 11637 was treated with anti-UB-33-spe-
cific antibody, the enzymatic activity of its urease was appar-
ently inhibited, although anti-whole urease-specific antibody
did not cause urease inhibition, as seen with the isotype-
matched control antibody (Fig. 5A). Also, B-1a cells were less
stimulated to secrete autoantibodies with PFA-fixed urease-
positive H. pylori when the fixed bacteria were pretreated with
an excess of purified UB-33-specific rabbit serum than with
purified whole H. pylori urease-specific serum (Fig. 5B). Sim-
ilarly, B-1a cells were also less stimulated to secrete autoanti-
bodies with purified H. pylori urease pretreated with purified
UB-33-specific rabbit serum (Fig. 5C). Moreover, autoanti-
body production by B-1a cells declined significantly when the
enzymatic activity of purified H. pylori urease was reduced by
heat treatment (data not shown). These findings suggest that

FIG. 6. TLR expression on murine B-1 cells. (A) TLR expression in B-1a cells was analyzed by reverse transcription-PCR. B-1a cells
strongly expressed TLR1, TLR2, TLR4, TLR6, and TLR9 and weakly expressed TLR3, TLR7, and TLR8. (B) Surface expression of TLRs
on purified B-1a cells was also analyzed by flow cytometry. B-1a cells expressed TLR1, TLR2, TLR4, and TLR6 on their surface. MFI,
maximum fluorescence intensity.
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murine B-1a cells were more strongly activated to secrete au-
toantibodies by H. pylori urease expressed on the bacterial
surface that retained enzymatic activity.

H. pylori urease was a ligand for TLR2 on murine B-1a cells.
These results indicate that the H. pylori urease retaining enzy-
matic activity appears to potently stimulate murine B-1a cells
to produce various autoantibodies. The fact that B-1a cells
were directly activated by urease on the bacterial surface, like
endotoxins such as LPSs and PGs, within a few hours suggests
that some innate TLRs on B-1a cells may interact with H. pylori
urease as an active bacterial functional component. Thus, we
analyzed the expression of TLRs on CD5� B-1a cells and
found that the B-1a cells expressed TLR1, TLR2, TLR4, and
TLR6 on their surface (Fig. 6A and B). Then, we examined
which TLRs might interact with H. pylori urease by blocking
each TLR on B-1a cells with each specific antibody. Although
TLR1-, TLR4-, and TLR6-specific MAbs did not affect the

secretion of autoantibodies by B-1a cells stimulated with H.
pylori urease, secretion was significantly inhibited when TLR2-
specific MAb (T2.5) (19) was added to the culture (Fig. 7A).
Moreover, to prove that H. pylori urease was an actual ligand
for TLR2, murine B-1a cells pretreated with anti-TLR2 MAb
were stimulated with purified H. pylori urease. Although B-1a
cells pretreated with anti-TLR2 MAb (T2.5) did not secrete
autoantibodies (Fig. 7B), pretreatment with another TLR2-
specific MAb, 6C2 (23), whose binding site was different from
that of T2.5, did not inhibit the secretion of autoantibodies.
Furthermore, B-1a cells obtained from TLR2-knockout
(TLR2�/�) BALB/c mice were not stimulated to secrete auto-
antibodies by bacterium (strain SS-1 or NCTC 11637)-coated
plates (Fig. 8A) or the purified H. pylori urease of strain SS-1
or NCTC 11637 (Fig. 8B).

These findings collectively suggest that some portion of in-
nate TLR2 on B-1a cells may interact with functional bacterial

FIG. 7. H. pylori urease was a ligand for TLR2 on murine B-1a cells. (A) Purified murine B-1a cells (2 � 105) were incubated for 30 min with
either anti-mouse TLR antibodies or an isotype-matched antibody (final concentration, 1 �g/106 cells) and washed with culture medium to remove
free antibody. Cells were further cultured with H. pylori (SS-1 and NCTC 11637)-precoated round-bottom 96-well plates for an additional 7 days,
and autoantibody secretion in the supernatant was measured. Pretreatment with anti-mouse TLR2 antibody (T2.5) significantly inhibited the
secretion of autoantibodies. Results are expressed as means � SDs (n 	 7). (B) Purified murine B-1a cells (2 � 105) were incubated for 30 min
with either anti-mouse TLR2 antibody (T2.5) or an isotype-matched antibody and further cultured with 10 �g/ml purified H. pylori urease for 7
days. Pretreatment with the anti-mouse TLR2 antibody (T2.5) again significantly inhibited the secretion of autoantibodies. Results are expressed
as means � SDs (n 	 7). Statistical significance was determined by the Student t test, and the values are given in each graph.
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urease expressed on the surface of H. pylori to secrete various
autoantibodies.

Detection and localization of H. pylori LPS. There are some
reports showing that H. pylori LPS can stimulate TLR2 rather
than classical TLR4 for LPS in other bacteria. Indeed, Smith et
al. recently reported (27) that H. pylori LPS detected by anti-
Lewis x (Lex) (clone P12) or anti-Lewis y (Ley) (clone F3)
murine IgM MAbs (21) stimulated cells to induce a set of
chemokines in a TLR2-dependent fashion. Thus, to eliminate
the possibility that the H. pylori LPS stimulates B-1a cells to
secrete autoantibodies, we tried to identify the Lex and/or Ley

antigen on the urease-negative HPP1801 mutant that did not
stimulate B-1a cells. As demonstrated in Fig. 9, although the
expression of Lex antigen was very weak, apparent Ley antigen
expression was seen on the surface of the HPP1801 mutant as
well as isolates NCTC 11637 and SS-1 by light microscopy (Fig.
9A). Also, we could detect Ley antigens in the purified LPSs
obtained from HPP1801 as well as NCTC 11637 and SS-1 by
Western blotting (Fig. 9B). These results clearly indicate that

H. pylori LPS will not stimulate B-1a cells to secrete autoanti-
bodies via TLR2.

DISCUSSION

There are two distinct types of murine B cells, B-1 and B-2
cells. Although B-2 cells are conventional T-cell-dependent B
cells, in that T cells help B cells to promote their clonal ex-
pansion, somatic hypermutation, isotype switch, and differen-
tiation into antibody-secreting cells, B-1 cells, particularly B-1a
cells expressing CD5, showing an enriched expression of auto-
reactive B-cell-antigen receptors, produce several types of nat-
ural autoantibodies (11).

In the present study, we found that murine B-1a cells can be
stimulated to produce various autoantibodies, such as anti-
ssDNA, anti-PC, and RF, by H. pylori urease expressed on the
surface of the bacteria. This unique response seems to be
mediated through the direct interaction between TLR2 on
B-1a cells and urease on the bacteria, indicating that H. pylori
urease acts like a bacterial endotoxin, such as PG or LPS,
rather than an exotoxin released from the bacteria. Indeed, we
have shown here that H. pylori urease was expressed on the
bacterial surface and proved that H. pylori (either NCTC 11637
or SS-1 isolate)-coated plates bearing bacterial urease on the
surface stimulated B-1a cells to produce autoantibodies, al-
though plates coated with urease-negative H. pylori HPP1801,
which originated from NCTC 11637, did not. These findings
indicate that bacterial urease expressed on H. pylori but not
other products, like LPS or secreted H. pylori-associated toxins,
such as cytotoxin-associated gene A (CagA) or vacuolating
cytotoxin (VacA), is a ligand for TLR2 recognition by B-1a
cells.

Moreover, it should be noted that the enzymatic activity of
urease on PFA-coated bacteria was maintained and the mag-
nitude of production of autoantibodies by B-1a cells was mark-
edly inhibited when the enzymatic activity of H. pylori urease
was blocked with UB-33-specific neutralizing antibody (14) but
not with urease-specific antibody without a neutralizing capac-
ity. Although this is caused by the steric hindrance of binding
due to the attached anti-urease-specific antibody, the results
reveal that the innate TLR2 on B-1a cells may have a potency
to distinguish the functional enzymatic capacity of bacterial
ligands, and thus, those B-1a cells can recognize whether the
pathogens that have intruded the body express live functional
products. We are currently planning to immunize BALB/c
mice with the UB-33 peptide plus an appropriate adjuvant to
see whether neutralizing antibodies against H. pylori urease
can be obtained and the production of various autoantibodies
can be manipulated in the presence of H. pylori or its urease in
vivo.

To our knowledge, only a few reports have demonstrated
that innate TLRs can discriminate between functional and
damaged ligands on pathogens; for example, intestinal acy-
loxyacyl hydrolase, which cleaves acyl chains from the lipid A
portion of LPS, downmodulates the proinflammatory response
through TLR4-mediated innate immune signaling (6), and in
mice lacking this enzyme, acylated LPS persists for longer
periods after infection with Gram-negative bacteria and elicits
increased B-cell proliferation as well as antibody production
(18). In addition, alkaline phosphatase in the brush border of

FIG. 8. Murine B-1a cells from TLR2-knockout (TLR2�/�)
BALB/c mice did not respond to either H. pylori (SS-1 or NCTC
11637)-coated plates (A) or purified H. pylori (SS-1 or NCTC 11637)
urease (B). (A) Two � 105 purified murine B-1a cells from either
normal wild-type BALB/c mice (WT) or TLR2�/� mice were cultured
in plates precoated with H. pylori (SS-1 or NCTC 11637) (filled col-
umns) or PBS (open columns) for 7 days, and autoantibody secretion
in the culture supernatant was measured. Results are expressed as
means � SDs (n 	 5). (B) Purified murine B-1a cells (2 � 105) from
either normal wild-type BALB/c mice or TLR2�/� BALB/c mice were
cultured with 10 �g/ml purified H. pylori urease (filled columns) or PBS
(open columns) for 7 days, and autoantibody secretion in the culture
supernatant was measured. Results are expressed as means � SDs
(n 	 5). Statistical significance was determined by the Student t test,
and the values are given in each graph.
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the intestinal mucosa detoxifies LPS by dephosphorylating its
lipid A with two phosphate groups coupled to glucosamines
into a monophosphoryl lipid A that is a 100-fold less toxic than
the unmodified version for TLR4 signaling (26). Such a reduc-
tion of TLR4 signaling may prevent intestinal inflammation in
response to commensal nontoxic microflora. Also, TLR2 on
intraepithelial cells enhanced the enzymatic activity of associ-
ated protein kinase C by binding to the appropriate ligands in
response to luminal bacteria (1); therefore, as we have shown
here, innate TLRs may have the ability to distinguish the func-
tional activity of ligands expressed on pathogens. Evolutionary
analysis of TLRs and their functional ligands will determine
the actual role of TLRs.

Various types of autoantibodies were produced when TLR2
on B-1a cells was stimulated by urease expressed on H. pylori
without T-cell help. In this case, H. pylori urease seems to act
as a bacterial endotoxin and TLR2 on B-1a cells recognizes it
as a ligand in the production of autoantibodies. Herlands et al.
recently suggested a new paradigm of TLR-dependent B-cell
initiation of autoimmunity (12). Moreover, two other groups
have recently reported similar T-cell-independent activation of
autoreactive B cells to produce autoantibodies via B-cell-in-
trinsic TLR7/9-associated MyD88 signaling, although the ac-
tual TLR ligands remain to be elucidated (10, 31). Collectively,
as far as we know, our current findings are the first to demon-
strate autoantibody production by B cells in a T-cell-indepen-

dent fashion through the combination of an external TLR with
a pathogen-associated ligand.

We have described here that the direct interaction of extra-
cellular TLR2 with H. pylori urease as a ligand expressed on
the bacterial surface stimulated B-1a cells to produce various
autoantibodies in a T-cell-independent manner. This may be
why various autoimmune diseases, such as RA (16) and ITP
(7), have been associated with H. pylori infection. The magni-
tude of these autoimmune disorders can be manipulated using
an anti-TLR2 antibody, such as T2.5, or anti-UB-33-specific
antibody if autoantibody production is associated with the in-
teraction between TLR2 and H. pylori urease. The findings
shown from the current study offer a new notion that H. pylori
urease is a bacterial endotoxin that can stimulate innate TLR-
bearing B-1a cells to secrete a number of autoantibodies and
initiate various autoimmune disorders.
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