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Helicobacter pylori colonizes the stomach and induces strong, specific local and systemic humoral and
cell-mediated immunity, resulting in the development of chronic gastritis in humans. Although H. pylori-
induced chronic atrophic gastritis is characterized by marked infiltration of T helper type 1 (Th1) cytokine-
producing CD4� T cells, almost all of the inflamed gastric mucosae also contain focal lymphoid aggregates
with germinal centers. In addition, typical H. pylori-induced chronic gastritis in children, called follicular
gastritis, is characterized by B-cell follicle formation in the gastric mucosa. The aim of this study was to
examine whether thymic stromal lymphopoietin (TSLP), an epithelial-cell-derived cytokine inducing a den-
dritic cell (DC)-mediated inflammatory Th2 response, is involved in Th2 responses triggering B-cell activation
in H. pylori-induced gastritis. Here, we show that H. pylori triggered human gastric epithelial cells to produce
TSLP, together with the DC-attracting chemokine MIP-3� and the B-cell-activating factor BAFF. After DCs
were incubated with supernatants from H. pylori-infected epithelial cells, the conditioned cells expressed high
levels of costimulatory molecules, such as CD80, and triggered naïve CD4� T cells to produce high levels of the
Th2 cytokines interleukin-4 and interleukin-13 and of the inflammatory cytokines tumor necrosis factor alpha
and gamma interferon. In contrast, after incubation of the supernatants with the neutralizing antibodies to
TSLP, the conditioned DCs did not prime T cells to produce high levels of Th2 cytokines. These results,
together with the finding that TSLP was expressed by the epithelial cells of human follicular gastritis, suggest
that H. pylori can directly trigger epithelial cells to produce TSLP. It also suggests that TSLP-mediated DC
activation may be involved in Th2 responses triggering B-cell activation in H. pylori-induced gastritis.

Helicobacter pylori (H. pylori) infection in the stomach in-
duces chronic gastritis associated with the development of pep-
tic ulcer diseases, gastric adenocarcinoma, and mucosa-associ-
ated lymphoid tissue (MALT) lymphoma in humans (3, 8, 35).
Although H. pylori-induced chronic atrophic gastritis is char-
acterized by marked infiltration of T helper type 1 (Th1) cy-
tokine-producing CD4� T cells (3, 8, 35), almost all of the
inflamed gastric mucosae also contain focal lymphoid aggre-
gates with germinal centers (5, 11). In addition, typical H.
pylori-induced chronic gastritis in children, called follicular gas-
tritis, is characterized by B-cell follicle formation in the gastric
mucosa (10, 11, 34). Th2 responses triggering B-cell activation
appear to be involved in the development of lymphoid aggre-
gates with germinal centers. However, molecular mechanisms
to induce Th2 responses triggering B-cell activation are not
clear.

In humans, an epithelial-cell-derived cytokine, thymic stro-
mal lymphopoietin (TSLP), activates CD11c� myeloid den-
dritic cells (DCs), and activated DCs strongly upregulate the
expression of costimulatory molecules, such as CD80 and

CD86 (23, 38, 43, 44). TSLP-activated DCs promote CD4� T
cells to differentiate into inflammatory Th2 cells that produce
interleukin-4 (IL-4), IL-5, IL-13, and tumor necrosis factor
alpha (TNF-�) while downregulating IL-10 and gamma inter-
feron (IFN-�) (23, 44). Interestingly, TSLP primes DCs to
produce large amounts of IL-12 following CD40 ligand stim-
ulation. In addition, DCs activated with TSLP and CD40 li-
gand induce the differentiation of naïve CD4� T cells into
effectors producing both Th1 and Th2 cytokines. These find-
ings suggest that IL-12-mediated negative regulation of Th2
responses is not effective in TSLP-induced Th2 inflammation
and that it leads to a mixed Th1 and Th2 profile (42).

Here, we show that H. pylori triggered human gastric epi-
thelial cells to produce TSLP. Such cells produced a DC-
attracting chemokine, macrophage inflammatory protein 3�
(MIP-3�), and a B-cell-activating factor belonging to the TNF
family (BAFF). After DCs were incubated with supernatants
from H. pylori-infected epithelial cells, the conditioned cells
expressed high levels of costimulatory molecules and triggered
naïve CD4� T cells to produce IL-4 and IL-13 with the inflam-
matory cytokines TNF-� and IFN-�. In addition, TSLP was
expressed by the epithelial cells of human follicular gastritis.
These results suggest that H. pylori can directly trigger epithe-
lial cells to produce TSLP and that TSLP-mediated DC acti-
vation may be involved in Th2 responses triggering B-cell ac-
tivation in H. pylori-induced gastritis.
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MATERIALS AND METHODS

H. pylori and H. felis. H. pylori TN2GF4, isolated from a Japanese patient with
a duodenal ulcer, was donated by M. Nakao (Pharmaceutical Research Division,
Takeda Chemical Industries, Ltd., Osaka, Japan). It was maintained as described
previously (26). The inoculated H. pylori strain, TN2GF4, was CagA and VacA
positive, as described previously (46). Helicobacter felis (ATCC 49179) was pur-
chased from the American Type Culture Collection (Rockville, MD). The bac-
teria were grown in brucella broth at a titer of 1 � 108 organisms/ml. The
bacterial suspension was stored at �80°C until it was used.

Gastric epithelial cell culture. Upon 80% confluence of the human gastric
cancer cell line passages 20 to 30, AGS, MKN28, MKN45, MKN74, and KATOIII
cells were trypsinized (trypsinethylenediaminetetraacetic acid; Gibco, Taastrup,
Denmark). These cells were reseeded at 5.0 � 105 cells per well in six-well plates
and maintained in RPMI 1640 medium (Gibco BRL, Grand Island, NY) sup-
plemented with 10% (vol/vol) heat-inactivated fetal calf serum (Sigma, St. Louis,
MO), penicillin G, and streptomycin (Gibco). Six hours after being seeded, the
cells were washed with phosphate-buffered saline (PBS) and stimulated for 12 to
36 h in the presence of live H. pylori or H. felis at 1 cell per 150 bacteria or at the
indicated cell/bacterium ratio. In some experiments, cells were stimulated with
lipopolysaccharide (LPS) from Escherichia coli (1 �g/ml; Sigma) and cultured in
a Transwell (Corning, NY).

Real-time quantitative RT-PCR. Real-time quantitative reverse transcription
(RT)-PCR was performed as described previously (45). Gastric epithelial cells
were frozen in RNAlater (Qiagen, Valencia, CA) and stored at �80°C until they
were used. Total RNA was extracted using an RNeasy minikit (Qiagen) accord-
ing to the manufacturer’s instructions. Single-stranded cDNA was synthesized
with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). Real-time
quantitative reactions were performed with an ABI Prism 7300 detection system
(Applied Biosystems, Foster City, CA) according to the manufacturer’s instruc-
tions. Values are expressed as arbitrary units relative to glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). The following primers were used: GAPDH,
5�-CCACATCGCTCAGACACCAT-3� and 5�-GGCAACAATATCCACTTTA
CCAGAGT-3�; TSLP, 5�-CCCAGGCTATTCGGAAACTCAG-3� and 5�-CGC
CACAATCCTTGTAATTGTG-3� ; and BAFF, 5�-ACCGCGGGACTGAAAA
TCT-3� and 5�-CACGCTTATTTCTGCTGTTCTGA-3�.

Cytokine production. After 24 h of culture of gastric epithelial cells under the
conditions described above, culture supernatants were collected and analyzed
with protein enzyme-linked immunosorbent assay (ELISA) kits for TSLP, MIP-
3�, MIP-1�, MIP-1�, and monocyte chemoattractant protein 1 (MCP-1) (all
from R&D Systems).

DC purification and culture. This study was approved by the Institutional
Review Board for Human Research at the Graduate School of Medicine, Kyoto
University. Peripheral blood mononuclear cells (PBMCs) were obtained from
adult buffy coats of healthy donors (kindly provided by the Kyoto Red Cross
Blood Center, Kyoto, Japan). CD11c� DCs were isolated from PBMCs as de-
scribed previously (43). CD11c� lineage� cells were isolated with a FACS Aria
(BD Biosciences, San Jose, CA) to 	99% purity. CD11c� DCs were cultured
immediately after being sorted in RPMI 1640 medium supplemented with 5%
human AB serum (Sigma), penicillin G, streptomycin, 10 mM HEPES, and 1
mM sodium pyruvate (Gibco BRL) (referred to as complete medium). Cells
were seeded at a density of 1 � 106/ml in round-bottom 96-well plates in the
presence of 15 ng/ml of TSLP (R&D Systems, Minneapolis, MN) or 50 �l of
supernatant from the Helicobacter-colonized gastric epithelial cells. For neutral-
ization of TSLP, supernatants from H. pylori-colonized gastric epithelial cells
were incubated with 20 �g/ml of anti-human TSLP (R&D Systems). After 24 h
of culture, viable DCs were counted by trypan blue exclusion of dead cells.

Analysis of cell surface markers of DCs. To determine the cell surface markers
characteristic of activated DCs, DCs were incubated with various stimuli for 24 h.
The DCs were subsequently stained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD80 (Immunotech). Finally, they were analyzed with a FACS
Calibur (BD Biosciences).

DC–T-cell coculture. After 24 h of culture, CD11c� DCs were collected and
washed three times to remove any cytokines. Viable DCs were counted by trypan
blue exclusion of dead cells. CD4� CD45RA� naive T cells were isolated from
PBMCs using a FACS Aria to reach 	99% purity, as described previously (43).
The remaining DCs were cocultured with 2.5 � 104 freshly purified allogeneic
naive CD4� T cells in round-bottom 96-well culture plates in complete medium.
The cells were cultured in triplicate at a DC/T-cell ratio of 1:5. After 7 days of
culture, viable cells were counted by trypan blue exclusion of dead cells.

T-cell cytokine production. DC-primed CD4� T cells were collected on day 7
of the coculture, washed twice, and restimulated with 50 ng/ml phorbol myristate
acetate (PMA) (Sigma) plus 2 �g/ml ionomycin (Sigma) in flat-bottom 96- or

48-well plates at a concentration of 1 � 106 cells/ml. After 3.5 h, brefeldin A
(Sigma) was added at 10 �g/ml. After 2.5 h, cells were collected and stained for
cell surface molecules. The cells were fixed and permeabilized using a Fix &
Perm Cell Permeabilization Kit (Caltag Laboratories, An Der Grub, Austria)
and stained with phycoerythrin-conjugated monoclonal antibodies (MAbs) to
IL-4, IL-13, TNF-�, and FITC-conjugated anti-IFN-� (all from eBioscience).
The stained cells were analyzed on a FACS Calibur.

Gastric mucosa samples. Samples of mucosa in biopsy specimens were ob-
tained from inflamed gastric mucosae in three patients with Helicobacter-induced
follicular gastritis (male/female ratio, 1/2; mean age [range], 37.3 [32–44] years).
Samples of healthy controls were taken from three patients with duodenal ulcers
(male/female ratio, 2/1; mean age [range], 37.7 [35–43] years) in whom the
absence of inflammation had been histopathologically confirmed.

Histological and immunohistological analyses. Samples of mucosa in biopsy
specimens were fixed in neutral buffered formalin and embedded in paraffin wax.
Sections were stained with hematoxylin and eosin for histopathology. Fluores-
cence immunohistology was performed on frozen sections as described previ-
ously (18, 43, 45). In brief, 6-�m sections were cut from tissue blocks of frozen
mucosal samples onto glass slides. The sections were air dried for 30 min, fixed
in acetone for 5 min, and blocked with phosphate-buffered saline containing 10%
nonfat dried milk for 30 min. The sections were stained with anti-human TSLP
(43, 45), anti-CD11c (BD Pharmingen), or anti-DC-LAMP (Immunotech) anti-
bodies (Abs) for 1 h, followed by staining using FITC-conjugated anti-immuno-
globulin Abs. After the final wash, the slides were mounted with Vectashield
(Vector Laboratories, Burlingame, CA) and examined under a fluorescence
microscope.

Statistical analysis. Statistical analysis was performed by the Student t test for
pairwise comparisons and analysis of variance with the Tukey-Kramer test for
multiple comparisons. P values below 0.05 were considered significant.

RESULTS

H. pylori colonization induces TSLP expression in human
gastric epithelial cells. To test whether H. pylori colonization
can induce expression of TSLP in gastric epithelial cells, vari-
ous human gastric epithelial cell lines, such as AGS, MKN28,
MKN45, MKN74, and KATOIII cells, were cultured for 24 h
with H. pylori. Expression levels of mRNA encoding TSLP
were measured using real-time quantitative RT-PCR. In con-
trast to the gastric epithelial cells not exposed to H. pylori,
gastric epithelial cells—MKN28, MKN45, and MKN74—up-
regulated TSLP expression after H. pylori colonization (Fig.
1A). TSLP expression enhanced by H. pylori colonization was
detectable when we used low epithelial cell/bacterium ratios
(e.g., 1 cell per 70 to 100 bacteria) (Fig. 1B); it reached a
maximal level at 1 cell per 150 to 200 bacteria and did not
increase at ratios of 1 cell per 300 bacteria or higher. Because
150 to 200 bacteria can actually adhere to gastric epithelial cell
membranes (6), the condition of epithelial cells expressing
TSLP by H. pylori might be similar to mucosal lesions of H.
pylori-infected gastritis patients. Next, we investigated the time
course of H. pylori-induced TSLP expression (Fig. 1C). Up-
regulation of TSLP expression was induced after 12 h of H.
pylori colonization and was sustained after 24 h of colonization.

Direct contact of H. pylori triggers human gastric epithelial
cells to produce TSLP. H. felis is a gastric Helicobacter that
colonizes the stomachs of laboratory mice, dogs, and cats and
can induce active chronic gastritis that mimics the pathological
features observed in H. pyroli-induced gastritis in humans (4, 9,
19, 20, 29). Next, we examined whether H. felis colonization
can induce expression of TSLP in gastric epithelial cells.
MKN28 and MKN45 cells were cultured for 24 h with Helico-
bacter bacteria, and the expression levels of mRNA encoding
TSLP were measured using real-time quantitative RT-PCR.
TSLP cytokine production in the culture supernatant was as-
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sessed by protein ELISA. In contrast to the exposure to H.
pylori, gastric epithelial cells did not upregulate TSLP expres-
sion after H. felis colonization (Fig. 2A and B). It seemed likely
that one mechanism by which H. pylori, but not H. felis, could
mediate induction of TSLP expression was by the secretion of
specific proinflammatory factors. However, when gastric epi-
thelial cells were separated from H. pylori by culture in a
Transwell, induction of TSLP expression was not observed
(Fig. 2A and B). Indeed, one of the proinflammatory factors,
the Toll-like receptor 4 ligand LPS (from Escherichia coli), also
failed to induce TSLP expression in gastric epithelial cells (Fig.
2A and B). Taken together, these data suggest that direct
contact of H. pylori with human gastric epithelial cells is essen-
tial for induction of TSLP expression in these cells.

Direct contact of H. pylori triggers human gastric epithelial
cells to produce MIP-3�. Chemokine production by epithelial
cells plays a critical role in the migration of immune cells in
inflamed mucosal lesions, and H. pylori infection induces up-
regulation of MIP-3� gene expression in gastric epithelial cells
in humans and mice (26, 49). Next, we examined whether H.
pylori colonization can induce production of chemokines at-
tracting myeloid lineage cells, such as MCP-1 (also called CCL-2),
MIP-1� (CCL3), MIP-1� (CCL4), and MIP-3� (CCL20), to-
gether with TSLP, in gastric epithelial cells. MKN45 cells were
cultured for 24 h with Helicobacter bacteria, and chemokine
production in the culture supernatant was assessed by protein
ELISA. In contrast to MCP-1, MIP-1�, or MIP-1�, production
of MIP-3� was strongly upregulated after colonization by H.
pylori, but not H. felis, in gastric epithelial cells (Fig. 3). In
addition, when gastric epithelial cells were separated from H.
pylori by culture in a Transwell, no induction of MIP-3� pro-
duction was observed (Fig. 3). Moreover, LPS (from Esche-
richia coli) failed to induce MIP-3� production in gastric epi-
thelial cells (Fig. 3). Taken together, these data suggest that
direct contact of H. pylori with human gastric epithelial cells is
also essential for induction of MIP-3� production in these
cells.

TSLP-containing supernatants from H. pylori-colonized gas-
tric epithelial cells enhanced surface CD80 expression in DCs.
Human CD11c� blood immature DCs respond to the stimu-
lation of TSLP, and TSLP stimulation enhances CD80 expres-
sion in DCs (23, 44). To examine whether TSLP-containing
supernatants from the H. pylori-infected gastric epithelial cells

FIG. 1. TSLP expression in gastric epithelial cells after H. pylori
colonization. (A) Various human gastric epithelial cell lines were cul-
tured for 24 h with (closed bars) or without (open bars) H. pylori at 1
cell per 150 bacteria. (B) MKN28 and MKN45 cells were cultured for
24 h with H. pylori at the indicated cell/bacterium ratios. (C) MKN28
and MKN45 cells were cultured for the indicated times with H. pylori
at 1 cell per 150 bacteria. Expression levels of mRNA encoding TSLP
were measured using real-time quantitative RT-PCR. The data repre-
sent the means of three independent experiments. The error bars
represent standard deviations (SD). *, P 
 0.05.

FIG. 2. TSLP expression in gastric epithelial cells, depending on
direct contact with H. pylori. MKN45 and MKN28 cells were cultured
for 24 h in the presence of 1 �g/ml LPS, H. felis (Hf), or H. pylori at 1
cell per 150 bacteria with (TW) or without (Hp) using Transwell, or
medium alone (med). The expression levels of TSLP mRNA were
measured using real-time RT-PCR (A) or those of TSLP protein in the
culture supernatant were measured by protein ELISA (B). The data
represent the means of three independent experiments. The error bars
represent SD. *, P 
 0.05.
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enhanced cell surface expression of CD80 in DCs, we isolated
blood myeloid DCs and incubated them with supernatants
from the H. pylori-infected gastric epithelial cells. After 24 h
of incubation, we analyzed the surface expression of CD80 on
DCs by flow cytometry. Recombinant TSLP protein induced
upregulation of surface CD80 expression in DCs (Fig. 4A).
Notably, after DCs were incubated with supernatants from H.
pylori-infected epithelial cells, the conditioned cells also en-
hanced surface CD80 expression (Fig. 4A).

DCs conditioned by TSLP-containing supernatants prime
naïve CD4 T cells to differentiate into effectors producing both
Th1 and Th2 cytokines. TSLP-activated DCs induce differen-
tiation of inflammatory Th2 cells, and DCs activated with
TSLP and CD40 ligand induce the differentiation of effectors
producing both Th1 and Th2 cytokines (23, 42, 44). Next, we
conditioned DCs with TSLP-containing supernatants from the
H. pylori-colonized gastric epithelial cells and cocultured these
DCs with allogeneic naïve CD4� T cells at a 1:5 ratio of DCs
to T cells. After 7 days of coculture, we evaluated the cytokine
production capacity using intracellular cytokine staining of
primed T cells restimulated with PMA plus ionomycin. This
staining demonstrated that DCs conditioned with supernatants
from gastric epithelial cells without Helicobacter colonization
(medium) primed CD4� T cells to produce IFN-� and TNF-�,
but not IL-4 or IL-13 (Fig. 4B). In contrast, DCs activated with
recombinant TSLP protein (rTSLP) primed CD4� T cells to
produce IL-4, IL-13, and TNF-� as expected. Although DCs
incubated with supernatants from H. felis-colonized gastric ep-
ithelial cells (HfSp) did not change the Th1 cytokine produc-
tion profile of cocultured CD4� T cells, DCs incubated with
supernatants from H. pylori-colonized gastric epithelial cells
(HpSp) did change it to a mixed Th1 and Th2 profile in which

cocultured T cells produced IL-4 and IL-13, together with
IFN-� and TNF-�. After incubation of the TSLP-containing
supernatants with neutralizing antibodies to human TSLP, how-
ever, the conditioned DCs (HpSp plus anti-TSLP) did not
prime T cells to produce high levels of IL-4 and IL-13. These
data suggest that DCs conditioned with supernatants from the
H. pylori-colonized gastric epithelial cells promote naïve CD4�

T cells to differentiate into effectors producing both Th1 and
Th2 cytokines and that TSLP in the supernatants is responsible
for the conditioning of DCs to prime CD4� T cells to produce
Th2 cytokines.

H. pylori-colonized gastric epithelial cells sequentially up-
regulate TSLP and B-cell-activating factor BAFF. BAFF (also
called BLyS) is a powerful regulator of B-cell biology (2, 17, 33,
39). Human TSLP-secreting tonsillar epithelial cells produce
BAFF to induce class switching by stimulating B cells (48).
Next, we tested whether H. pylori colonization on gastric epi-
thelial cells can upregulate BAFF gene expression in gastric
epithelial cells. Such cells were cultured with H. pylori, and the

FIG. 3. Chemokine production by gastric epithelial cells, depend-
ing on direct contact with H. pylori. The cells were cultured as de-
scribed in the legend to Fig. 2. MIP-3�, MIP-1�, MIP-1�, and MCP-1
were measured in the culture supernatant by protein ELISA. The data
represent the means of three independent experiments. The error bars
represent SD. *, P 
 0.05.

FIG. 4. CD80 expression on myeloid DCs and the cytokine-produc-
ing capacity of CD4� T cells are expanded by activated DCs. (A) Pu-
rified CD11c� myeloid DCs were cultured with recombinant TSLP
(solid line, open histogram) or supernatants from MKN45 cells with
(filled histogram) or without (dotted line, open histogram) exposure to
H. pylori at 1 cell per 150 bacteria. After 24 h of incubation, the surface
expression of CD80 on DCs was determined by flow cytometry. The
data represent one of three experiments. (B) Purified DCs were cul-
tured with rTSLP or supernatants from MKN45 cells exposed to H.
felis (HfSp), H. pylori (HpSp) at 1 cell per 150 bacteria, or medium
alone (medium). For neutralization of TSLP, supernatants were incu-
bated with anti-human TSLP (20 �g/ml) (HpSp � anti-TSLP). After
24 h of incubation, DCs were cocultured with allogeneic naïve CD4�

T cells at a 1:5 ratio of DCs to T cells. After 7 days of coculture, T cells
were restimulated for 6 h with PMA plus ionomycin, and production of
indicated T-cell-derived cytokines was determined by intracellular cy-
tokine staining. Shown are dot blot profiles of the indicated cytokine-
producing cells. The numbers indicate the percentages of cells in each
quadrant. The data represent one of three independent experiments.
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expression levels of mRNA encoding BAFF were measured
using real-time quantitative RT-PCR. In contrast to gastric
epithelial cells not exposed to H. pylori, gastric epithelial cells
that were exposed upregulated BAFF expression (Fig. 5). Al-
though induction of TSLP expression peaked at 12 h after H.
pylori colonization, induction of BAFF expression was detected
after 12 h of H. pylori colonization and increased even after 36
h. These findings suggest that H. pylori colonization induces
upregulation of TSLP and subsequently of BAFF expression in
gastric epithelial cells.

Expression of TSLP is induced in mucosal lesions from H.
pylori-infected gastritis patients. Finally, we evaluated the ex-
pression of TSLP in mucosal lesions from patients with H.
pylori-infected follicular gastritis in which B-cell activation, in-
cluding Th2 responses, was apparently involved. Frozen sec-
tions of mucosal lesions from follicular gastritis were stained
with anti-TSLP antibodies. As shown in Fig. 6, immunoglobu-
lin isotype control antibodies did not produce any positive
staining, and there was no detectable immunostaining for
TSLP in normal gastric mucosa. However, we found anti-TSLP
staining of epithelial cells in the inflamed gastric mucosa from
patients with H. pylori-infected follicular gastritis. TSLP ex-
pression was associated with the presence of CD11c� DCs
within the inflamed gastric mucosa and was also associated
with the presence of DC–lysosome-associated membrane pro-
tein (DC-LAMP, which is a DC activation marker)-positive
cells. These data suggest that expression of TSLP is enhanced
in mucosal lesions from H. pylori-induced follicular gastritis
patients, but not in normal gastric mucosa, and also that TSLP
expressed by gastric epithelial cells may play an important role
in DC-mediated T-cell activation of a process related to Th2
inflammation in H. pylori-induced chronic gastritis.

DISCUSSION

In the present study, we demonstrated that H. pylori trig-
gered human gastric epithelial cells to produce TSLP, together
with the DC-attracting chemokine MIP-3� and B-cell activat-
ing factor BAFF. DCs conditioned by H. pylori-infected epi-
thelial cells expressed high levels of costimulatory molecules
and primed naïve CD4 T cells to differentiate into effectors
producing both Th1 and Th2 cytokines.

H. pylori-induced atrophic gastritis is characterized by marked
infiltration of CD4� T cells that produce IFN-� (12, 14). De-
velopment of H. pylori-induced atrophic gastritis is severely
impaired in mice lacking CD4� T cells or IFN-� production (7,
32). In addition, development of Th1 cell-mediated atrophic
gastritis is also severely impaired in Helicobacter-infected Pey-
er’s patch-null mice, which normally develop well-organized
lymphoid organs, except for Peyer’s patches. In these mice, the
marked colonization of bacteria in the gastric mucosa can be
detected (18, 25).

Although the gastric mucosa originally does not have a lym-
phoid apparatus, H. pylori infection triggers the development
of MALT-like structures consisting of lymphoid aggregates
and organized B-cell follicles in patients with H. pylori-induced
gastritis (10, 11, 34). High-level expression of B-cell-activating
chemokine 1 (BCA-1) (also called CXCL13) and its receptor,

FIG. 5. TSLP and BAFF expression in gastric epithelial cells after
H. pylori colonization. MKN28 cells were cultured for the indicated
times with (closed bars) or without (open bars) H. pylori at 1 cell per
150 bacteria. The expression levels of mRNAs encoding TSLP and
BAFF were measured using real-time quantitative RT-PCR. The data
represent the means of three independent experiments. The error bars
represent SD. *, P 
 0.05.

FIG. 6. Immunohistological staining of gastric mucosa. H. pylori
(Hp)-infected inflamed mucosa containing a lymphoid follicle from
a patient with follicular gastritis (left column) and non-H. pylori-in-
fected normal mucosa (right column) were stained with hematoxylin
and eosin (HE), immunoglobulin isotype control antibodies (isotypes),
anti-human TSLP (TSLP), anti-CD11c (CD11c), or anti-DC-LAMP
(DC-LAMP). All scale bars, 100 �m.
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CXC chemokine receptor (CXCR) 5, is observed in lymphoid
aggregates and in the mantle zone of secondary lymphoid
follicles in Helicobacter-induced follicular gastritis, suggesting
that the chemokine-chemokine receptor interaction triggers
the recruitment of lymphocytes (24). However, the mecha-
nisms underlying the triggering of B-cell activation, including
Th2 responses apparently involved in H. pylori-induced chronic
gastritis, are not fully understood.

Chronic inflammatory processes in both autoimmunity and
infection are characterized by the infiltration of a variety of
immune cells, such as T cells, macrophages, and DCs, but also
B cells and plasma cells. These cellular elements often orga-
nize the de novo formation of B-cell follicles and T-cell areas
(1). In mouse models of H. pylori-induced follicular gastritis,
the inflamed gastric mucosa contains B-cell follicles with ger-
minal centers, T-cell areas, and high endothelial venules (28,
31). On the other hand, the constitutive expression of BAFF in
secondary lymphoid tissues is essential for sustaining the long-
term survival of mature B cells in vivo (17, 33). Human TSLP-
secreting tonsillar epithelial cells produce BAFF to induce
class switching by stimulating B cells (48). In addition, a recent
human study suggested an association between circulating lev-
els of BAFF in ectopic germinal centers of the salivary gland in
primary Sjögren’s syndrome (16, 37). Taken together, these
results suggest that TSLP, together with BAFF, produced by
H. pylori-infected gastric mucosa leads to inflammatory Th2
responses and maintenance of B-cell activation.

TSLP is involved in a variety of immune responses in the
mucosal immune system in humans and mice. Epithelial cells
in the tonsils and intestines release TSLP (13, 30, 38, 43, 48,
50). Human TSLP-secreting tonsillar epithelial cells produce
BAFF to induce class switching by stimulating B cells (48).
TSLP-conditioned DCs induce homeostatic noninflammatory
Th2 responses and produce a proliferation-inducing ligand
(APRIL) (13, 30, 43, 50). This results in enhancement of IgA2
class switching by intestinal epithelial cells under physiological
conditions. In addition, TSLP-mediated signaling plays critical
roles in host-protective Th2 cytokine-dependent immunity to
the intestinal nematode pathogen Trichuris (40, 50). TSLP is
involved in the regulation of Th1-type inflammation in a mouse
model of colitis (40). We showed that H. pylori, one of the
major pathogens in the human gastrointestinal tract, triggered
gastric epithelial cells to produce TSLP, implying that TSLP
may be crucial in a variety of immune responses in the gastro-
intestinal tract, including the stomach.

In mice, TSLP appears to suppress Th1 responses by acting
on DCs in the mucosal immune system. In infection of mice by
Trichuris, neutralization of TSLP or deletion of the TSLP re-
ceptor (TSLPR) in normally resistant mice resulted in defec-
tive expression of Th2 cytokines and persistent intestinal in-
fection (40). In the intestinal inflammation in these mice,
expression of inflammatory cytokines, such as IFN-�, IL-17,
and IL-12/23p40, was abundant. Neutralization of IFN-� res-
cued the Th2 response and restored antiworm immunity in
TSLP-deficient mice. In humans, although TSLP-activated
DCs promote CD4� T cells to differentiate into inflammatory
Th2 cells, TSLP primes DCs to produce large amounts of IL-12
following CD40 ligand stimulation. DCs activated with TSLP
and CD40 ligand induce the differentiation of naïve CD4� T
cells into effectors producing both Th1 and Th2 cytokines (23,

42, 44). These data suggest that, in the human system, induc-
tion of Th1 responses mediated by IL-12 is not suppressed
under TSLP-induced Th2 inflammation and that IL-12-medi-
ated negative regulation of Th2 responses is not effective in
TSLP-induced Th2 inflammation. In this study, DCs condi-
tioned by Helicobacter-infected epithelial cells primed naïve
CD4 T cells to differentiate into effectors producing both Th1
and Th2 cytokines. Taken together, although Th1 cytokine-
producing CD4� T cells markedly infiltrate inflamed mucosa
in Helicobacter-induced chronic gastritis, these Th1 cytokines
may not suppress Th2 cytokine production by TSLP-condi-
tioned DCs.

Several recent studies have shown that microorganism-de-
rived stimulation and/or proinflammatory cytokines upregulate
expression of both TSLP and MIP-3� in human epithelial cells,
and these upregulations are directly controlled by NF-�B (15,
21, 22, 36). In addition, although it is unclear whether BAFF
expression is under the direct control of NF-�B, a recent study
demonstrated that Toll-like receptor 3 ligand poly(I � C) in-
duced upregulation of TSLP and subsequently of BAFF pro-
duction in human tonsillar epithelial cells (48). In this study,
we demonstrated that H. pylori triggered human gastric epi-
thelial cells to produce TSLP, together with MIP-3� and
BAFF. Because H. pylori products induce NF-�B activation in
gastric epithelial cells (8, 27, 41, 47), H. pylori-induced NF-�B
activation in gastric epithelial cells may directly and/or indi-
rectly upregulate the expression of TSLP, MIP-3�, and BAFF
in these cells.

In conclusion, we have demonstrated that H. pylori triggered
gastric epithelial cells to produce TSLP, MIP-3�, and BAFF
and that DCs conditioned by Helicobacter-infected epithelial
cells triggered differentiation of T cells with a mixed Th1 and
Th2 profile. These results, and the finding that TSLP was ex-
pressed by the epithelial cells of human follicular gastritis,
suggest that H. pylori can directly trigger epithelial cells to
produce TSLP and that TSLP-mediated DC activation may be
involved in Th2 responses triggering B-cell activation in H.
pylori-induced gastritis.
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